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In this review article a comprehensive analysis of the developments in ultraviolet~UV! detector
technology is described. At the beginning, the classification of UV detectors and general
requirements imposed on these detectors are presented. Further considerations are restricted to
modern semiconductor UV detectors, so the basic theory of photoconductive and photovoltaic
detectors is presented in a uniform way convenient for various detector materials. Next, the current
state of the art of different types of semiconductor UV detectors is presented. Hitherto, the
semiconductor UV detectors have been mainly fabricated using Si. Industries such as the aerospace,
automotive, petroleum, and others have continuously provided the impetus pushing the development
of fringe technologies which are tolerant of increasingly high temperatures and hostile
environments. As a result, the main efforts are currently directed to a new generation of UV
detectors fabricated from wide band-gap semiconductors the most promising of which are diamond
and AlGaN. The latest progress in development of AlGaN UV detectors is finally described in
detail. © 1996 American Institute of Physics.@S0021-8979~96!06110-7#
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GLOSSARY OF FREQUENTLY USED SYMBOLS

a lattice constant
A detector area
b electron to hole mobility ratio
c speed of light
D,Da ,De ,Dh diffusion coefficient, ambipolar, of elec-

trons, of holes
D* , DBLIP* detectivity, background limited
Eg ,EF ,Et energy gap, Fermi energy, trap level en

ergy
D f bandwidth
G recombination rate
g optical gain
h,\ Planck’s constanth/2p
I ,I e ,I h ,I ph current, of electrons, of holes, photocurren
I D ,IGR,I T ,I n diffusion, generation–recombination, tun-

neling, and noise current
I d ,I s dark, saturation current

of
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J,Je ,Jh ,Jph current density, of electrons, of holes, ph
tocurrent density

k Boltzmann’s constant
l length
L,Le ,Lh diffusion length, of electrons, of holes
m free electron mass
m* , mc* , mn* effective mass, of electrons, of holes
n,ni electron and intrinsic carrier concentratio
n0 ,nn ,np ,Dn equilibrium electron concentration, major

ity and minority electron concentration, ex
cess free electrons

Na ,Nd concentration of acceptors, of donors
NEP noise equivalent power
p,p0 ,pp ,pn ,Dp hole concentration, equilibrium, majority

and minority hole concentration, exces
free holes

q electron charge
r surface reflectance
R,RL ,Rs resistance, load, series
R0 zero bias detector resistance
Ri ,Rv current and voltage responsivity
s surface recombination
t thickness
T temperature
v,vd ,va ,v th velocity, drift, ambipolar, saturation, an

thermal carrier
V,Vb ,Vbi ,Vn electrical voltage, bias, built-in and noise
w width
x alloy composition, distance variable
a absorption coefficient
b coefficient of I–V diode characteristic
«0 permittivity of space
«,«0,«` dielectric coefficient, relative static and op

tical
h quantum efficiency
l,lp ,lc wavelength, peak wavelength, cuto

wavelength
n frequency
m,me ,mh mobility of carriers, of electrons, of holes
t,te ,th ,tef carrier lifetime, of electrons, of holes an

effective lifetime
tRC,td ,ts response time limited by RC, diffusion

and transit time
t0 carrier lifetime in depletion junction region
FB ,Fs background, signal photon flux
f work function
C barrier potential
v angular frequency

I. INTRODUCTION

The ultraviolet ~UV! region is commonly divided into
the following subdivisions. These names are widely used
are recommended:
near ultraviolet NUV 400–300 nm
mid ultraviolet MUV 300–200 nm
far ultraviolet FUV 200–100 nm
extreme ultraviolet EUV 100–10 nm

In addition to the above names, the following names
wavelength regions may be encountered:
7434 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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vacuum ultraviolet VUV 200–10 nm
deep ultraviolet DUV 350–190 nm
ultraviolet-A UV-A 400–320 nm
ultraviolet-B UV-B 320–280 nm

Again, it must be emphasized that these appear to be
most common names and wavelength limits, but others
be found.

Ultraviolet research began in the latter half of the 19
century, when the invisible radiation beyond the blue end
the visible spectrum began to receive attention. It was s
realized that the Earth’s atmosphere set limitations on ul
violet research. For solar and celestial observations, str
spheric ozone limited the wavelengths reaching the surf
of the Earth to about 300 nm. Spectrographs carried to hig
altitudes on mountains gave intriguing evidence that so
and stellar emissions continued to shorter wavelengths
laboratory spectrographs, atmospheric molecular oxygen
sorption limited the useful lower wavelengths to about 2
nm, unless the spectrograph could be placed in a vacu
chamber. The wavelengths shorter than 200 nm thus cam
be called the vacuum ultraviolet. Because of the lack of go
vacuum pumps and associated technology, research was
ficult and not widely done. In addition to atmospheric lim
tations, optical methods used in the visible failed in the
traviolet because of the lack of materials having go
transmissivity and reflectivity. In the beginning of the 1880
Rowland and co-workers developed concave diffraction g
ings and discovered the Rowland circle mount for vacu
spectrographs. This was a great step forward, since o
single reflection and no transmission were needed to ob
spectra on a photographic plate. Vacuum ultraviolet sp
trography was pioneered by Schumann, Lyman, and oth
in the early decades of this century. The lack of suita
windows, filters, gratings, calibration standards, lig
sources, and vacuum pumps resulted in difficulties in exp
mentation. The next large stimulus occurred after World W
II, when it was possible to use first sounding rockets a
then satellites to investigate the Earth’s upper atmosph
and to make solar and astronomical observations without
terference by the atmosphere. These applications a
opened up the need for better instrumentation, including b
ter windows, gratings, filters, detectors, and light sources
well as improved spectroscopy of the atoms, molecules,
ions of planetary and stellar atmospheres and reliable s
dards for calibrations.

The major constituents of the terrestrial atmosphere
strong absorbers of radiation at wavelengths below 300
Radiation of mid ultraviolet~MUV ! wavelengths between
200 and 300 nm is absorbed primarily by ozone while m
lecular oxygen is the major absorber at far ultraviolet~FUV!
between 110 and 250 nm. Consequently, at wavelengths
low about 200 nm, the use of evacuated instrumentatio
mandatory. At extreme ultraviolet~EUV! wavelengths of
110 nm, atomic and molecular gases become strong abs
ers.

Several books from the mid 1960s describe the ultrav
let technology of this time. These books are on vacuum
traviolet spectroscopic techniques,1 the middle ultraviolet
@near ultraviolet~NUV! and MUV, generally#,2 ultraviolet
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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FIG. 1. Classification of ultraviolet photon detectors.
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light sources,3 and spectroscopy.4 The historical develop-
ment of spectroscopy is traced in the introductory chapter
Samson’s book,1 also the chapter in Green’s book by Henne
and Dunkleman,5 entitled Ultraviolet Technology, is an
available source for the development of experimental tec
niques of that time. Recently, Huffman has published tw
books about the ultraviolet spectral regions.6,7 The second of
them7 supplements previously published books, since th
volume is a collection of reprints that present the milesto
articles in ultraviolet optics and technology.

The issue of UV detectors is treated in several mon
graphs and reviews. An extensive examination of vario
detector systems for both imaging and nonimaging applic
tions is presented by Carruthers.8 Timothy and Madden9

have restricted their review to photon detectors that are c
rently available for use at ultraviolet and x-ray wavelength
More information about the history of the development
UV detectors and their current status in astronomy can
found in an excellent book entitledLow light level detectors
in astronomyby Eccles, Sim, and Tritton.10 Another of
Timothy’s review articles is devoted mainly to detectors fo
optical wavelengths,11 and a comparison of charge couple
devices~CCDs! to other optical detectors is given by Jan
esicket al.12 The reviews of the present and future techn
logical concepts currently being considered in astrophys
and astronomy are given by Welsh and Kaplan,13 Joseph,14

and by Ulmeret al.15 However, the UV detectors have als
found terrestrial applications. They can detect UV emissio
from flames in the presence of hot backgrounds~such as
infrared emission from the hot bricks in a furnace!. This
provides an excellent flame on/off determination system
controlling the gas supply to large furnaces and boiler sy
tems. Flame safeguard and fire control areas are just two
the various possible applications for the UV detectors.

In this article we will first present the classification o
UV detectors and general requirements imposed on these
tectors. Further consideration will be restricted to mode
semiconductor UV detectors, so the basic theory of pho
conductive and photovoltaic detectors will be presented in
uniform way convenient for various detector materials. Ne
the current state of the art of different types of semiconduc
UV detectors will be presented. The main effort will be e
pecially directed to a new generation of UV detectors. Th
generation of detectors is the product of five years of ma
rials and device research, which resulted in the developm
of high quality GaN layers.
, No. 10, 15 May 1996
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II. CLASSIFICATION OF ULTRAVIOLET DETECTORS

In general, UV detectors fall into two categories: photo
detectors~also named photodetectors! and thermal detectors.
In photon detectors the incident photons are absorbed wit
the material by interaction with electrons. The observed ele
trical signal results from the changed electronic energy d
tribution. The photon detectors measure the rate of arrival
quanta and show a selective wavelength dependence of
response per unit incident radiation power. In thermal dete
tors, the incident radiation is absorbed and raises the te
perature of the material. The output signal is observed a
change in some temperature-dependent property of the m
terial. In pyroelectric detectors a change in the internal ele
trical polarization is measured, whereas in the case of bolo
eters a change in the electrical resistance is measured.
thermal effects are generally wavelength independent sin
the radiation can be absorbed in a ‘‘black’’ surface coatin
Because of greater sensitivity, photon detectors are m
commonly utilized at UV wavelengths. Thermal detector
however, are sometimes employed at UV wavelengths
absolute radiometric standards.

UV photon detectors~see Fig. 1! have traditionally been
devoted into two distinct classes, namely, photographic a
photoelectric. Photographic emulsion has the great advant
of an image-storing capability and can thus record a lar
amount of data in a single exposure. However, photograp
emulsion has a number of limitations: sensitivity is consid
erably lower than that of a photoelectric detector, the d
namic range is limited, the response is not a linear functi
of the incident photon flux at a specific wavelength, an
emulsion is sensitive to a very wide energy range~accord-
ingly the elimination of background fog levels induced b
scattered light and by high-energy charged particles is e
tremely difficult!.

Photoelectric detectors, on the other hand, are more s
sitive, have a greater stability of response and provide bet
linearity characteristics. In the last decade considerab
progress in the image-recording capability of photoelectron
devices has been observed. Recently developed photovol
array detectors@such as the charge coupled devices# and pho-
toemissive array detectors@such as the microchannel array
plates~MCPs!# for the first time combine the sensitivity and
radiometric stability of a photomultiplier with a high-
resolution imaging capability.
7435Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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In the most commonly employed photoemissive UV d
tectors, the photon is allowed to impact a solid surface re
izing a photoelectron into the vacuum environment@Fig.
2~a!#. Applying a voltage between the photocathode surf
and a positively biased anode causes a photoelectron cu
to flow in proportion to the intensity of the incident radiatio
Since these detectors make use of the external photoele
effect, the wavelength range of sensitivity is defined prim
rily by the work function of the surface material.

In the semiconductor detectors, the photons are abso
in the bulk of the semiconductor material produci
electron-hole pairs which are separated by an electrical fi
These detectors make use of the internal photoelectric e
where the energy of the photons is large enough to raise
electrons into the conduction band of the semiconductor
terial. In the case of photovoltaic detectors, the electron-h
pairs are separated by the electrical field ofp-n junctions,
Schottky barrier, or metal-insulator-semiconductor~MIS! ca-
pacitors, which leads to an external photocurrent prop
tional to the number of detected photons@Fig. 2~b!#. Apply-
ing a voltage across the absorbing region causes a curre
flow in proportion to the intensity of the incident radiation

In the photoemissive detectors, the primary photoel
tron can be multiplied by the process of secondary emiss
to produce a large cloud of electrons. The occurrence o
single photoelectron event then can be detected either
rectly with conventional electronic circuits or by accelerati
the electron cloud to high energy and allowing it to impac
phosphor screen. The emitted pulse of visible-light phot
can then be viewed directly, or detected and recorded
additional photosensitive systems. Detectors operated in
pulse-counting mode can provide the ultimate level of se
tivity set by the quantum efficiency of the photocathode.

FIG. 2. Principle operation of photoemissive~a! and semiconductor detec
tors ~b!.
7436 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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There are a number of important differences between t
two classes of detectors. In the photoemissive detectors,
primary photoelectron produced by the photocathode can
multiplied by the process of secondary emission to produce
large cloud of electrons. The degree of multiplication i
called the gain of the detector. If the gain is sufficientl
large, the electron cloud generated by a single photoelectr
can be detected directly with conventional electronic circuit
Alternatively, the electron cloud can be accelerated to hig
energy and allowed to impact a phosphor screen. The res
ing pulse of visible-light photons emitted from the phospho
can be viewed directly or can be detected and recorded
additional photosensitive systems. Detectors operated in t
pulse-counting mode can provide the ultimate level of sen
tivity at very low signal level. That form of intensification
implies, however, high voltages and the inherent associa
difficulties. Moreover, it is not possible in this mode of op
eration to store the detected events within the detector, a
the detected signal must be integrated in a separate record
system. Table I compares these two types of UV detector

The importance of UV semiconductor detectors has r
sulted in the recent meteoric expansion of the semiconduc
industry, and second, the continuing emphasis on the dev
opment of low-light-level imaging systems for military and
civilian surveillance applications. These detectors should:

~1! not be sensitive to light at optical wavelengths~com-
monly referred to as being solar blind!,

~2! have high quantum efficiency,
~3! have a high dynamic range of operation,
~4! have low backgrounds since noise arising from the bac

ground often dominates in faint UV observations.

Multiplying the number of primary charge carriers is
generally not possible in semiconductor detectors~although
this deficiency may be offset by the very high internal quan
tum efficiency of the semiconductor material!. These detec-
tors are thus less sensitive at the lowest signal levels than
photoemissive detectors operating in pulse-counting mod
However, the semiconductor detectors have the ability
store charge and integrate the detected signal for signific
periods of time. Recently, there has been much developm
of CCD detectors for use in the UV spectral ranges.7,8,12,16–18

On the contrary, for visible spectral range devices the use
Si CCDs in the UV region is not yet well established becau
of the many problems connected with the interaction of U
radiation with the materials typically used in silicon techno

-

ty
TABLE I. Comparison of photoemissive and semiconductor UV detectors.

Type Advantages Disadvantages

Photoemissive detectors Easy to operate Low quantum efficiency
High sensitivity Strong spectral dependence of responsivi
Solar blind Sensitiveness to surface contaminations

Semiconductor detectors Broad spectral responsivity Induced aging effects
Excellent linearity
High quantum efficiency
High dynamic range of operation
Large-format image arrays
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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ogy. For example, the relatively thin gate oxide layer~500–
1200 Å! on the CCD front face is strongly absorbing of U
radiation, so that it is not possible to use front-illuminat
CCDs for direct detection of this radiation. The electron-h
pairs created in this layer are not separated by an inte
field and will therefore not contribute to the photocurre
Thinned, back-illuminated CCDs also have some proble
In fact, after the device is thinned, a native back-oxide la
forms naturally, and even if it is very thin, typically less th
50 Å, this dramatically influences overall sensor perf
mance. A number of solutions have been tried, ranging f
the deposition of a scintillator, such as coronene19 or
lumigen,20 to the backside illumination of thinned devices,
to avoid the absorption of radiation by the thick polysilic
gate structure. Some methods have been developed to re
the surface state problems using ‘‘back-accumulatio
techniques.21 They are based on the hypothesis that the b
surface potential can be pinned by heavily populating it w
holes which create an electric field that directs the photo
nerated charges away from the back surface. They ca
divided into three categories: backside charging, flash
techniques, and ion implantation.8,21

A semiconductor array can also be used to directly

FIG. 3. Quantum efficiency of thinned backside illuminated CCDs~a! and
solar-blind efficiencies of various UV detectors~b!. The detective quantum
efficiency~DQE! of a complete detector system takes into account any
of detected photons and the quantum efficiency of each stage of the sy
The DQE can be expressed in terms of the signal-to-noise characterist
the input and output signals as the ratio DQE5~S/Nout!

2/~S/Nin!
2 ~after Ref.

14!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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tect the photoelectron released from a photocathode. T
photoelectron is accelerated to very high energy by an ele
trostatic field and allowed to bombard the semiconduct
material. If sufficient energy is released within the absorbin
region, enough electron-hole pairs can be produced to p
vide a measurable signal from a single photoelectron impa

Figure 3 shows the current status of the quantum ef
ciency of common detectors. The top plot in Fig. 3 shows th
quantum efficiencies that can be obtained with various co
figurations of thinned, back-illuminated CCDs. Future ant
reflection coatings, depicted as a dot-dash line, may exte
the range well into the UV range. Figure 3~b! shows the
solar-blind efficiencies obtained for various UV detectors.

III. ULTRAVIOLET PHOTODETECTORS

Ultraviolet semiconductor photodetectors work in thre
fundamental modes:

~1! photoconductive detectors,
~2! photodiodep-n junctions, and
~3! Schottky barrier detectors.

Below, after describing the general theory of photodetecto
the basic theories of photoconductors,p-n junctions, and
Schottky barriers are presented. In the last part of this se
tion, a short presentation of semiconductor materials used
the fabrication of UV detectors is included.

A. General theory of photodetectors

The photodetector is a slab of homogeneous semico
ductor with the actual ‘‘electrical’’ areaAe which is coupled
to a beam of infrared radiation by its optical areaAo. Usu-
ally, the optical and electrical areas of the device are th
same or close. The use of optical concentrators can incre
theAo/Ae ratio.

The current responsivity of the photodetector is dete
mined by the quantum efficiencyh and by the photoelectric
gaing. The quantum efficiency value describes how well th
detector is coupled to the radiation to be detected. It is us
ally defined as the number of electron-hole pairs generat
per incident photon. The idea of photoconductive gaing was
put forth by Rose22 as a simplifying concept for the under-
standing of photoconductive phenomena and is now wide
used in the field. The photoelectric gain is the number
carriers passing contacts per one generated pair. This va
shows how well the generated electron-hole pairs are used
generate the current response of a photodetector. Both val
are assumed here as constant over the volume of the dev

The spectral current responsivity is equal to

Ri5
lh

hc
qg, ~1!

wherel is the wavelength,h is Planck’s constant,c is the
light velocity, q is the electron charge, andg is the photo-
electric current gain. Assuming that the current gains fo
photocurrent and noise current are the same, the curr
noise due to generation and recombination processes is22

I n
252~G1R!AetD f q2g2, ~2!

loss
stem.
ics of
7437Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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whereG andR are the generation and recombination rat
D f is the frequency band, andt is the thickness of the de
tector.

DetectivityD* is the main parameter characterizing no
malized signal-to-noise performance of detectors and can
defined as

D*5
Ri~AoD f !1/2

I n
. ~3!

According to Eqs.~1!–~3!23

D*5
l

hc SAo

Ae
D 1/2h@2~G1R!t#21/2. ~4!

For a given wavelength and operating temperature,
highest performance can be obtained by maximiz
h/[ t(G1R)] 1/2 which corresponds to the condition of th
highest ratio of the sheet optical generation to the square
of sheet thermal generation–recombination.

The effects of a fluctuating recombination can frequen
be avoided by arranging for the recombination process
take place in a region of the device where it has little effe
due to low photoelectric gain: for example, at the contacts
sweep-out photoconductors or in the neutral regions of
odes. In this case, the noise can be reduced by a factor o
and detectivity increased by the same factor. The genera
process with its associated fluctuation, however, cannot
avoided by any means.

At equilibrium the generation and recombination rat
are equal, and assuming thatAo5Ae we have

D*5
l

2hc

h

t1/2
G21/2. ~5!

The total generation rate is a sum of the optical a
thermal generation

G5Gth1Gop. ~6!

The optical generation may be due to the signal or th
mal background radiation. For infrared detectors, usua
thermal background radiation is higher compared to the s
nal radiation. If the thermal generation is reduced much
low the background level, the performance of the device
determined by the background radiation@conditions for
background limited infrared photodetector~BLIP!#. The
noise equivalent power~NEP! in this approximation is given
by24,25

NEP5
~AD f !1/2

D*
5hgS 2AFBD f

h D 1/2, ~7!

whereFB is the total background photon flux density reac
ing the detector, andD f is the electrical bandwidth of the
receiver. The background photon flux density received by
detector depends on its angular view of the background
on its ability to respond to the wavelengths contained in t
source.

When photodetectors are operated in conditions wh
the background flux is less than the optical~signal! flux, the
ultimate performance of detectors is determined by the sig
fluctuation limit ~SFL!. It is achieved in practice with photo
multipliers operating in the visible and ultraviolet region, b
7438 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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it is rarely achieved with solid-state devices, which are n
mally detector-noise or electronic-noise limited. The~NEP!
and detectivity of detectors operating in this limit have be
derived by a number of authors~see, e.g., Kruseet al.24,25!.

The NEP in the SFL is given by

NEP5
2hcD f

hl
~8!

when Poisson statistics are applicable. This threshold va
implies a low number of photons per observation interval.
more meaningful parameter is the probability that a pho
will be detected during an observation period. Kruse25 shows
that the minimum signal power to achieve 99% probabil
that a photon will be detected in an observation periodto is

NEPmin5
9.22hcD f

hl
, ~9!

whereD f is assumed to be 1/2to. Note that the detector are
does not enter into the expression and that NEPmin depends
linearly upon the bandwidth, which differs from the case
which the detection limit is set by internal or backgroun
noise.

Seib and Aukerman26 also have derived an expressio
for the SFL identical to Eq.~9! except that the multiplicative
constant is not 9.22 but 23/2 for an ideal photoemissive o
photovoltaic detector and 25/2 for a photoconductor. This dif-
ference in the constant arises from the differing assumpti
as to the manner in which the detector is employed and
minimum detectable signal-to-noise ratio.

FIG. 4. Minimum detectable monochromatic power as a function of wa
length for composite of SFL and BLIP limit for two detector areas a
electrical bandwidths. Background temperature is 290 K and FOV isp
steradiants. Detector long wavelength limit is equal to source wavelen
~after Ref. 25!.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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It is interesting to determine the composite signal flu
tuation and background fluctuation limits. Figure 4 illustra
the spectral NEP over the wavelength range from 0.1 to
mm assuming a background temperature of 290 K dete
areas of 1 cm2 and 1 mm2 ~applicable only to the backgroun
fluctuation limit!, a 2p steradian field of view~FOV! @appli-
cable only to the background fluctuation limit#, and band-
widths of 1 and 104 Hz. These additional values of param
eters are specified because of different dependencies of
~upon area and bandwidth! for signal fluctuation and back
ground fluctuation limits. Note that the intersections of thr
pairs of curves, for which the bandwidths of the signal a
background fluctuation limits are equal, lie between 1.0 a
1.5 mm. To illustrate the composite, a detector with an a
of 1 cm2 ~applicable to the background fluctuation limit! and
a bandwidth of 1 Hz has been scored. For this pair, at wa
lengths below 1.2mm the SFL dominates; the converse
true above 1.2mm. The minimum detectable monochroma
radiant power at 1.2mm is 1.5310218 W in a 1 Hz band-
width. Below 1.2mm the wavelength dependence is sma
Above 1.2mm it is very large, due to steep dependence up
wavelength of the short wavelength end of the 290 K ba
ground spectral distribution.

The basic equations for dc analysis of detector per
mance are well known: two current-density equations
electronsI e and holesJb two continuity equations for elec
trons and holes, and Poisson’s equation which are col
tively referred to as the Van Roosbroeck model27

Je5qDe

dn

dx
2qmen

dC

dx
current density for electrons,

~10!

Jh5qDh

dp

dx
2qmhp

dC

dx
current density for holes,~11!

1

q

dJe
dx

1~G2R!50 continuity equation for electrons,

~12!

1

q

dJh
dx

2~G2R!50 continuity equation for holes, ~13!

d2C

dx2
52

q

«0« r
~Nd2Na1p2n!, Poisson’s equation,

~14!

whereC is the electrostatic potential,Nd is the concentration
of donors,Na is the concentration of acceptors,De andDh

are the electron and hole diffusion coefficients,n andp are
the electron and hole densities, and«0« r is the permittivity
of the semiconductor. A self-consistent iterative proced
for the solution of this mathematical model is well doc
mented in the literature.28 The method reformulates th
model in terms of integral equations which incorporate
boundary conditions and eliminateJe andJh as intermediate
variables. This allows the carrier densities to be compu
from the potential distribution.

The generation–recombination term (G1R) is associ-
ated with the predominant recombination mechanisms. Th
are three important generation and recombination mec
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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nisms: Shockley–Read, radiative, and Auger mechanism
The Shockley–Read mechanism occurs via lattice defect a
impurity energy levels within the forbidden energy gap an
is the dominant mechanism in wide band-gap materials.

B. Photoconductive detectors

The photoconductive detector~also named as the photo-
conductor! is essentially a radiation-sensitive resistor. Th
operation of a photoconductor is shown in Fig. 5. A photo
of energyhn greater than the band-gap energyEg is ab-
sorbed to produce an electron-hole pair, thereby changing
electrical conductivity of the semiconductor.

In almost all cases the change in conductivity is mea
sured by means of electrodes attached to the sample. For
resistance material, the photoconductor is usually operated
a constant current circuit as shown in Fig. 5. The series lo
resistance is large compared to the sample resistance, and
signal is detected as a change in voltage developed across
sample. For high resistance photoconductors, a constant v
age circuit is preferred and the signal is detected as a chan
in current in the bias circuit.

1. Current and voltage responsivity

We assume that the signal photon flux densityFs~l! is
incident on the detector areaA5wl and that the detector is
operated under constant current conditions, i.e.,RL@R. We
suppose further that the illumination and the bias field a
weak, and the excess carrier lifetime,t, is the same for ma-
jority and minority carriers. To derive an expression for volt
age responsivity, we take a one-dimensional approach
simplicity. This is justified for a detector thickness,t, that is
small with respect to the minority carrier diffusion length
We also neglect the effect of recombination at frontal an
rear surfaces.

The basic expression describing photoconductivity i
semiconductors under equilibrium excitation~i.e., steady
state! is

I ph5qhAFsg, ~15!

whereI ph is the short circuit photocurrent at zero frequenc
~dc!, i.e., the increase in current above the dark current a
companying irradiation. The photoconductive gain is dete

FIG. 5. Geometry and bias of a photoconductor.
7439Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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mined by the properties of the detector, i.e., by which dete
tion effect is used and the material and configuration of t
detector.

In general, photoconductivity is a two-carrier phenom
enon and the total photocurrent of electrons and holes is

I ph5
wtq~Dnme1Dpmh!Vb

l
, ~16!

whereme is the electron mobility,mh is the hole mobility,Vb

is the bias voltage and
n5n01Dn, p5p01Dp. ~17!

The termsn0 and p0 are the average thermal equilibrium
carrier densities, andDn andDp are the excess carrier con
centrations.

Taking the conductivity to be dominated by electrons~in
all known high sensitivity photoconductors this is found t
be the case! and assuming uniform and complete absorptio
of the light in the detector, the rate equation for the exce
electron concentration in the sample is29

dDn

dt
5

Fsh

t
2

Dn

t
, ~18!

wheret is the excess carrier lifetime. In the steady conditio
the excess carrier lifetime is given by the equation

t5
Dnt

hFs
. ~19!

Equating~15! to ~16! gives

g5
tVhmeDn

lhFs
~20!

and invoking Eq.~19! we get for the photoconductive gain

g5
tmeVb

l 2
5

t

l 2/meVb
. ~21!

So, the photoconductive gain can be defined as

g5
t

t t
, ~22!

wheret t is the transit time of electrons between ohmic co
tacts. This means that the photoconductive gain is given
the ratio of free carrier lifetime,t, to transit time,t t between
the sample electrodes. The photoconductive gain can be
than or greater than unity depending upon whether the d
length, Ld5vdt, is less than or greater than interelectrod
spacing, 1. The value ofLd.1 implies that a free charge
carrier swept out at one electrode is immediately replaced
injection of an equivalent free charge carrier at the oppos
electrode. Thus, a free charge carrier will continue to circ
late until recombination takes place.

WhenRL@R, a signal voltage across the load resistor
essentially the open circuit voltage

Vs5I phRd5I ph
l

qwtnme
, ~23!

where Rd is the detector resistance. Assuming that t
change in conductivity upon irradiation is small compared
the dark conductivity, the voltage responsivity is express
as
7440 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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hc

Vb

n0
, ~24!

where the absorbed monochromatic powerPl5FsAhn.
This expression shows clearly the basic requirements

high photoconductive responsivity at a given wavelengthl:
one must have high quantum efficiencyh, long excess car-
rier lifetime t, the smallest possible piece of crystal, low
thermal equilibrium carrier concentrationsn0, and the high-
est possible bias voltageVb .

The frequency dependent responsivity can be determin
by the equation

Rv5
h

lwt

ltef
hc

Vb

n0

l

~ l1v2tef
2 !1/2

, ~25!

wheretel is the effective carrier lifetime. Usually, the photo
conductive detectors fabricated from wide band-gap mate
als reveal strongly sub-linear responses and excitatio
dependent response time is observed even at relatively
excitation levels. This can be attributed to the redistributio
of the charge carriers with increased excitation level.

The above simple model takes no account of addition
limitations related to the practical conditions of photocon
ductor operation such as sweep-out effects or surface reco
bination. These are specified below.

2. Sweep-out effects

Equation~25! shows that voltage responsivity increase
monotonically with the increase of bias voltage. Howeve
there are two limits on applied bias voltage, namely: therm
conditions~joule heating of the detector element! and sweep
out of minority carriers. The thermal conductance of the d
tector depends on the device fabrication procedure. If t
excess carrier lifetime is long, we cannot ignore the effec
of contacts and of drift and diffusion on the device perfo
mance. Present-day material technology is such that at m
erate bias fields minority carriers can drift to the ohmic co
tacts in a short time compared to the recombination time
the material. Removal of carriers at an ohmic contact in th
way is referred to as ‘‘sweep out.’’30,31 Minority carrier
sweep out limits the maximum applied voltage ofVb . The
effective carrier lifetime can be reduced considerably in d
tectors where the minority carrier diffusion length exceed
the detector length~even at very low bias voltages!. At low
bias the average drift length of the minority carriers is ve
much less than the detector length,I , and the minority carrier
lifetime is determined by the bulk recombination modifie
by diffusion to surface and contacts. The carrier densities a
uniform along the length of the detector. At higher values
the applied field, the drift length of the minority carriers i
comparable to or greater than 1. Some of the excess mino
carriers are lost at an electrode, and to maintain space-cha
equilibrium, a drop in excess majority carrier density is ne
essary. This way the majority carrier lifetime is reduced.
should be pointed out that the loss of the majority carriers
one ohmic contact is replenished by injection at the othe
but the minority carriers are not replaced. At high bias th
excess carrier density is nonuniformly distributed along th
length of the sample.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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To achieve high photoelectric gain, low resistance a
low surface recombination velocity contacts are require
The metallic contacts are usually far from expectation. T
contacts are characterized by a recombination velocity wh
can be varied from infinity~ohmic contacts! to zero ~per-
fectly blocking contacts!. In the latter case, a more intensel
doped region at the contact~e.g.,n1 for n-type devices or
heterojunction contact! causes a built-in electric field tha
repels minority carriers, thereby reducing recombination a
increasing the effective lifetime and the responsivity. Prac
cal realization of the device would require double epitaxi
growth and the subsequent removal of the heavy doped m
terial from the active area of the device.

3. Noise mechanisms in photoconductors

All detectors are limited in the minimum radiant powe
which they can detect by some form of noise which ma
arise in the detector itself, in the radiant energy to which t
detector responds, or in the electronic system following t
detector. Careful electronic design, including low noise a
plification, can reduce the system noise below that in t
output of the detector. This topic will not be treated here.

We can distinguish two groups of noise; the radiatio
noise and the noise internal to the detector. The radiat
noise includes signal fluctuation noise and background flu
tuation noise. Under most operating conditions the sign
fluctuation limit is operative for ultraviolet and visible detec
tors.

The random processes occurring in semiconductors g
rise to internal noise in detectors even in the absence
illumination. There are two fundamental processes resp
sible for the noise: fluctuations in the velocities of free ca
riers due to their random thermal motion, and fluctuations
the densities of free carriers due to randomness in the rate
thermal generation and recombination.32

Johnson–Nyquist noise is associated with the finite
sistanceR of the device. This type of noise is due to th
random thermal motion of charge carriers in the crystal a
not due to fluctuations in the total number of these char
carriers. It occurs in the absence of external bias as a fluc
ating voltage or current depending upon the method of m
surement. Small changes in the voltage or current at the
minals of the device are due to the random arrival of char
at the terminals. The root mean square of the Johnso
Nyquist noise voltage in the bandwidthD f is given by

Vj5~4kTRD f !1/2, ~26!

wherek is the Boltzmann constant andT is the temperature.
This type of noise has a ‘‘white’’ frequency distribution.

At finite bias currents, the carrier density fluctuation
cause resistance variations, which are observed as noise
ceeding Johnson–Nyquist noise. This type of excess nois
photoconductive detectors is referred to as generatio
recombination~g–r! noise. G–r noise is due to the random
generation of free charge carriers by the crystal vibratio
and their subsequent random recombination. Because of
randomness of the generation and recombination proces
it is unlikely that there will be exactly the same number o
charge carriers in the free state at succeeding instance
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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time. This leads to conductivity changes that will be reflect
as fluctuations in current flow through the crystal. Man
forms of g–r noise expression exist, depending upon the
ternal properties of the semiconductors.

The rms g–r noise current for an extrinsicn-type photo-
conductor with carrier lifetimet can be written32

I g–r
2 5

4I 2DN2tD f

N2~11v2t2!
, ~27!

whereN is the number of carriers in the detector. Usually,
an extrinsic semiconductor there will be some counterdo
ing, i.e., electrons trapped at deep lying levels. If the numb
of deep traps is small compared to the number of electro
~electrons being the majority carriers!, then the varianceDN2

is equal toN32. The current flowing in the device isI5Nqg/
t, hence

I g–r
2 5

4qIgD f

11v2t2
. ~28!

Generation–recombination noise usually dominates the no
spectrum of photoconductors at intermediate frequencies

An additional type of noise, referred to as 1/f noise,
because it exhibits an approximately 1/f power law spec-
trum, is always observed. It is less understood than the m
fundamental noise sources and is not generally amenabl
mathematical analysis. The general expression for thef
noise current is

I 1/f5SKI baD f

f b D 1/2, ~29!

whereK is a proportionality factor,I b is the bias current,a is
a constant whose value is about 2, andb is a constant whose
value is about unity.

In general, 1/f noise appears to be associated with th
presence of potential barriers at the contacts, surface trapp
phenomena, and surface leakage currents. Reduction off
noise to an acceptable level is an art which depends gre
on the processes employed in preparing the contacts and
faces. Up until now, no fully satisfactory general theory ha
been formulated. The two most current models for the exp
nation of 1/f noise were considered: Hooge’s model,33 which
assumes fluctuations in the mobility of free charge carrie
and McWhortel’s model,32 based on the idea that the fre
carrier density fluctuates.

The UV semiconductor detectors usually exhibit 1f
noise at low frequency. At higher frequencies the amplitu
drops below that of one of the other types of noise.

4. Quantum efficiency

In most photoconductor materials the internal quantu
efficiencyh0 is nearly unity; that is, almost all photons ab
sorbed contribute to the photoconductive phenomenon. Fo
detector, as a slab of material, shown in Fig. 5, with surfa
reflection coefficientsr 1 and r 2 ~on the top and bottom sur-
7441Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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iers
faces, respectively!, and absorption coefficienta, the internal
photogenerated charge profile in they direction is34

S~y!5
h0~12r 1!a

12r 1r 2 exp~22at !
@exp~2ay!

1r 2 exp~22at !exp~2ay!#. ~30!

The external quantum efficiency is simply the integral of th
function over the detector thickness

h5E
0

t

S~y!dy

5
h0~12r 1!@11r 2 exp~2at !#@12exp~at !#

12r 1r 2 exp~22at !
. ~31!

When r 1 and r 25r , the quantum efficiency is reduced to

h5
h0~12r !@12exp~at !#

12r exp~2at !
. ~32!

Intrinsic detector materials tend to be highly absorptive; so
a practical well-designed detector assembly only the top s
face reflection term is significant, and then
7442 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
is

in
ur-

h'h0~12r !'12r . ~33!

By anti-reflection coating the front surface of the detecto
this quantity can be made greater than 0.9.

5. Influence of surface recombination

The photoconductive lifetime in general provides
lower limit to the bulk lifetime, due to the possibility of
enhanced recombination at the surface. Surface recomb
tion reduces the total number of steady-state excess carr
by reducing the recombination time. It can be shown thattef
is related to the bulk lifetime by the expression35

tef
t

5
A1

a2LD
2 21

, ~34!

where
the
A15LDaF ~aDD1s1!$s2@ch~ t/LD!21#1~DD /LD!sh~ t/LD!%

~DD /LD!~s11s2!ch~ t/LD!1~DD
2 /LD

2 1s1s2!sh~ t/LD!

3
~aDD2s2!$s1@ch~ t/LD!21#1~DD /LD!sh~ t/LD!%eat

~DD /LD!~s11s2!ch~ t/LD!1~DD
2 /LD

2 1s1s2!sh~ t/LD!
2~12e2at!G

and

DD5
Dep0mh1Dhn0me

n0me1p0mh

is the ambipolar diffusion coefficient,s1 ands2 are the surface recombination velocities at the front and back surfaces of
photoconductor, andLD5(DDt)1/2. Other marks have their usual meanings,De,h5(kT/q)me,h are the respective carrier
diffusion coefficients for electrons and holes.

If the absorption coefficienta is largee2at'0 ands1!aDD , Eq. ~34! is simplified to the well-known expression30

tef
t

5
DD

LD

s2@ch~ t/LD!21#1~DD /LD!sh~ t/LD!

LD~DD /LD!~s11s2!ch~ t/LD!1~DD
2 /LD

2 1s11s2!sh~ t/LD!
. ~35!
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Further simplification fors15s25s leads to

1

tef
5
1

t
1
2s

t
. ~36!

C. p -n junction photodiodes

Photoeffects which occur in structures with built-in po
tential barriers are essentially photovoltaic and result wh
excess carriers are injected optically into the vicinity of suc
barriers. The role of the built-in electric field is to cause th
charge carriers of opposite sign to move in opposite dire
tions depending upon the external circuit. Several structu
are possible to observe the photovoltaic effect. These inclu
p-n junctions, heterojunctions, Schottky barriers, and met
-
en
h
e
c-
res
de
al-

insulator-semiconductor~MIS! photocapacitors. Each of
these different types of devices has certain advantages
UV detection, depending on the particular applications.

The most common example of a photovoltaic detector
the abrupt p-n junction prepared in the semiconductor
which is often referred to simply as a photodiode. The op
eration of thep-n junction photodiode is illustrated in Fig. 6.
Photons with energy greater than the energy gap, incident
the front surface of the device, create electron-hole pairs
the material on both sides of the junction. By diffusion, th
electrons and holes generated within a diffusion length fro
the junction reach the space-charge region. Then electro
hole pairs are separated by the strong electric field; minor
carriers are readily accelerated to become majority carrie
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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on the other side. This way a photocurrent is genera
which shifts the current–voltage characteristic in the dire
tion of negative or reverse current, as shown in Fig. 6~c!. The
equivalent circuit of a photodiode is shown in Fig. 6~b!.

The total current density in thep-n junction is usually
written as

J~V,F!5Jd~V!2Jph~F!, ~37!

where the dark current density,Jd , depends only onV and
the photocurrent depends only on the photon flux densityF.

Generally, the current gain in a simple photovoltaic d
tector ~e.g., not an avalanche photodiode! is equal to 1, and
then, according to Eq.~14!, the magnitude of photocurrent is
equal

I ph5hqAF. ~38!

The dark current and photocurrent are linearly independ
~which occurs even when these currents are significant! and
the quantum efficiency can be calculated in a straightforwa
manner.36

FIG. 6. Schematic representation of the operation of ap-n junction photo-
diode: ~a! geometrical model of the structure,~b! equivalent circuit of an
illuminated photodiode~the series resistance includes the contact resista
as well as the bulkp- andn-regions!, ~c! current–voltage characteristics for
the illuminated and nonilluminated photodiode.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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If the p-n diode is open circuited, the accumulation o
electrons and holes on the two sides of the junction produc
an open-circuit voltage@Fig. 6~c!#. If a load is connected to
the diode, a current will conduct in the circuit. The maxi
mum current is realized when an electrical short is place
across the diode terminals, and this is called the short-circ
current.

The open-circuit voltage can be obtained by multiplyin
the short-circuit current by the incremental diode resistan
R5(]I /]V)21 at V5Vb:

Vph5hqAFR, ~39!

whereVb is the bias voltage andI5 f (V) is the current–
voltage characteristic of the diode.

In many direct applications the photodiode is operated
zero-bias voltage

R05S ]I

]VD
uVs50

21

. ~40!

A frequently encountered figure of merit for a photodiode
theR0A product

R0A5S ]J

]VD
uVs50

21

, ~41!

whereJ51/A is the current density.
In the detection of radiation, the photodiode is operate

at any point of theI –V characteristic. Reverse bias operatio
is usually used for very high frequency applications to re
duce the RC time constant of the devices.

1. Ideal diffusion-limited p -n junctions
a. Diffusion current. Diffusion current is the fundamen-

tal current mechanism in ap-n junction photodiode. Figure
6~a! shows a one-dimensional photodiode model with a
abrupt junction where the spatial charge of widthw sur-
rounds the metalographic junction boundaryx5t, and two
quasineutral regions~0,xn! and (xn1w,t1d) are homoge-
neously doped. The dark current density consists of electro
injected from then side over the potential barrier into thep
side and an analogous current due to holes injected from
p side into then side. The current–voltage characteristic fo
an ideal diffusion-limited diode is given by

I D5AJgFexpS qVkTD21G . ~42!

For a junction with thick quasineutral regions the satu
ration current density is equal to

Js5
qDhpn0
Lh

1
qDenp0
Ls

, ~43!

where36,37

ce
Js5
qDhpn0
Lh

g1ch~xn /Lh!1sh~xn /Ln!

g1sh~xh /Lh!1ch~xh /Lh!
1
qDenp0
Le

g2ch@~ t1d2xn2w!/Le#1sh@~ t1d2xn2w!/Le#

g2sh@~ t1d2xn2w!/Le#1ch@~ t1d2xn2w!/Le#
~44!
7443Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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in which caseg15s1Lh/Dh , g25s2Le/De , pn0 , andnp0 are
the concentrations of minority carriers on both sides of
junction,s1 ands2 are the surface recombination velocities
the illuminated~for holes inn-type material! and back pho-
todiode surface~for electrons inp-type material!, respec-
tively. The value of the saturation current density,Js , de-
pends on minority carrier diffusion lengths (Le ,Lh),
minority carrier diffusion coefficients (De ,Dh), surface re-
combination velocities (s1 ,s2), minority carrier concentra-
tions (pn0 , np0) and junction design (xn ,t,w,d).

For nondegenerated statistics,nn0pn05ni
2, D5(kT/q)m

andL5(Dt)1/2 and then

Js5~kT!1/2ni
2q1/2F 1

pp0
S me

te
D 1/21 1

nn0
S mh

th
D 1/2G21

,

~45!

whereni is the intrinsic carrier concentration,pp0 and nn0
are the hole and electron majority carrier concentrations,
7444 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
the
at

and

te andth the electron and hole lifetimes in thep- andn-type
regions, respectively. Diffusion current varies with tempera
ture asni

2.
The resistance at zero bias can be obtained from Eq.~40!

by differentiation ofI –V characteristic

R05
kT

qIn
~46!

and then theR0A product determined by diffusion current is

~R0A!D5S dJDdV D
uVs50

21

5
kT

qJs
. ~47!

b. Quantum efficiency.Three regions contribute to pho-
todiode quantum efficiency: two neutral regions of differen
types of conductivity and the spatial charge region~see Fig.
6!. Thus36,37

h5hn1hDR1hp , ~48!
hn5
~12r !aLh
a2Lh

221 H aLh1g12e2axn@g1ch~xn /Lh!1sh~xn /Lh!#

g1sh~xn /Lh!1ch~xn /Lh!
2aLhe

2axnJ , ~49!

hp5
~12r !aLe
a2Le

221
e2a~xn1w!H ~g22aLe!e

2a~ t1d2xn2w!2sh@~ t1d2xn2w!/Le#2g2ch@~ t1d2xn2w!/Le#

ch@~ t1d2xn2w!/Le#2g2sh@~ t1d2xn2w!/Le#
1aLeJ , ~50!
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hDR5~12r !@e2axn2e2a~xn1w!#. ~51!

In the following we shall consider the internal quantu
efficiency, neglecting the losses due to reflection of the
diation from the illuminated photodiode surface. Obtaini
high photodiode quantum efficiency requires that the illum
nated region of the junction be sufficiently thin so that t
generated carriers may reach the junction potential barrie
diffusion.

Normally, the photodiode is designed so that most of
radiation is absorbed in one side of the junction, e.g., in
p-type side in Fig. 6~a!. This could be achieved in practic
either by making then-type region very thin or by using a
heterojunction in which the band gap in then region is larger
than the photon energy so that most of the incident radia
can reach the junction without being absorbed. If the ba
contact is several minority carrier diffusion lengths,Le away
from the junction, the quantum efficiency is given by

h~l!5~12r !
a~l!Le

11a~l!Le
. ~52!

If the back contact is less than a diffusion length away fro
the junction, the quantum efficiency tends to

h~l!5~12r !@12e2a~l!d#, ~53!

whered is the thickness of thep-type region. It has been
assumed that the back contact has zero surface recom
tion velocity and that no radiation is reflected from the ba
surface. Thus, if the above conditions hold, a high quant
efficiency can be achieved using an anti-reflection coating
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minimize the reflectance of the front surface and ensurin
that the device is thicker than the absorption length.

c. Noise. In comparison with photoconductive detec
tors, the two fundamental processes responsible for therm
noise mechanisms~fluctuations in the velocities of free car-
riers due to their random motion, and due to randomness
the rates of thermal generation and recombination! are less
readily distinguishable in the case of junction devices, givin
rise jointly to shot noise on the minority carrier component
which make up the net junction current. The random therm
motion is responsible for fluctuations in the diffusion rates i
the neutral regions of junction devices and generation
recombination fluctuations both in the neutral regions and
the depletion region. We will show later that for a junction
device at zero bias, i.e., when the net junction current is ze
the resulting noise is identical to Johnson noise associa
with the incremental slope of the device.

A general theory of noise in photodiodes, which is ap
plicable at arbitrary bias and to all sources of leakage cu
rent, has not been developed.38 The intrinsic noise mecha-
nism of a photodiode is shot noise in the current passi
through the diode. It is generally accepted that the noise
an ideal diode is given by

I n
25@2q~ I D12I s!14kT~Gj2G0!#D f , ~54!

whereI D5I s@exp(qV/kT)21#, GJ is the conductance of the
junction andG0 is the low-frequency value ofGJ . In the
low-frequency region, the second term on the right-hand si
is zero. For a diode in thermal equilibrium~i.e., without ap-
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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plied bias voltage and external photon flux! the mean-square
noise current is just the Johnson–Nyquist noise of the p
todiode zero bias resistance (R0

215qLs/kT)

I n
25

4kT

R0
D f ~55!

and

Vn
254kTR0D f . ~56!

Note that the mean-square shot noise in reverse bia
half the mean-square Johnson–Nyquist noise at zero b
However, this predicted improvement in the diode noise
reverse bias is not normally observed in practice due to
creased 1/f noise.

d. Detectivity. In the case of the photodiode, the phot
electric gain is usually equal to 1 so, according to Eq.~1!, the
current responsitivity is

Ri5
ql

hc
h ~57!

and detectivity@see Eq.~3!# can be determined as

D*5
hlq

hc F A

2q~ I D12I s!
G1/2. ~58!

In reverse biases,I d tends to2I s and the expression in
brackets tends toI s .

From the discussion it is shown that the performance
an ideal diffusion-limited photodiode can be optimized
maximizing the quantum efficiency and minimizing the r
verse saturation current,I s . For a diffusion-limited photodi-
ode, the general expression for the saturation current of e
tron from thep-type side is@see Eq.~44!#

I s
p5A

qDenp0
Le

sh~d/Le!1~s2Le /De!ch~d/Le!

ch~d/Le!1~s2Le /De!sh~d/Le!
. ~59!

It is normally possible to minimize the leakage current fro
the side which does not contribute to the photosignal. T
minority carrier generation rate and hence the diffusion c
rent can be greatly reduced, in theory at least, by increa
doping or the band gap on the inactive side of the juncti

If the back contact is several diffusion lengths aw
from the junction, then Eq.~59! tends to

I s5
qDenp0
Ls

A. ~60!

As the back contact is brought closer to the junction,
leakage current can either increase or decrease, dependi
whether the surface recombination velocity is greater t
the diffusion velocityDe/Le . In the limiting case where
d!Le , the saturation current is reduced by a factord/Le
relative to Eq.~60! for s50 and increased by a factor ofLe/d
for s5`. If the surface recombination velocity is small the
Eq. ~59! can usually be written in the form

I s5qGVdiff , ~61!

whereG is the bulk minority carrier generation rate per un
volume andVdiff is the effective volume of material from
which the minority carriers diffuse to the junction. The e
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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fective volume isALe for Le!d and tends toAd for Le@d.
For p-type material, the generation rate is given by

G5
np0
te

5
ni
2

Ndt
. ~62!

The discussion indicates that the performance of the
vice is strongly dependent on the properties of the back c
tact. The most common solution to this problem is to mo
the back contact many diffusion lengths away to one s
and to ensure that all the surfaces are properly passiva
Alternatively, the back contact itself can sometimes be
signed to have a low surface recombination velocity by
troducing a barrier for minority carriers between the me
contact and the rest of the device. This barrier can be m
by increasing the doping or the band gap near the cont
which effectively isolates the minority carriers from the hig
recombination rate at the contact.

2. Other current mechanisms

In the previous section, photodiodes were analyzed
which the dark current was limited by diffusion. Howeve
this behavior is not always observed in practice, especi
for wide-gap semiconductorp-n junctions. Several addi-
tional excess mechanisms are involved in determining
dark current–voltage characteristics of the photodiode. T
dark current is the superposition of current contributio
from three diode regions: bulk, depletion region, and surfa
Between them we can distinguish:

1. Thermally generated current in the bulk and depletion
gion

~a! diffusion current in the bulkp andn regions,
~b! generation–recombination current in the depletion

gion,
~c! band-to-band tunneling,
~d! intertrap and trap-to-band tunneling,
~e! anomalous avalanche current,
~f! ohmic leakage across the depletion region,

2. Surface leakage current

~a! surface generation current from surface states,
~b! generation current in a field-induced surface deplet

region,
~c! tunneling induced near the surface,
~d! ohmic or nonohmic shunt leakage,
~e! avalanche multiplication in a field-induced surface r

gion.

3. Space-charge limited current.

Figure 7 illustrates schematically some of these mec
nisms. Each of the components has its own individual re
tionship to voltage and temperature. On account of th
many researchers analyzing theI –V characteristics assum
that only one mechanism dominates in a specific region
the diode bias voltage. This method of analysis of the diod
I –V curves is not always valid. A better solution is to nu
merically fit the sum of the current components to expe
mental data over a range of both applied voltage and te
perature.
7445Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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Below, we will be concerned with the current contribu
tion of high quality photodiodes with highR0A products
limited by:

~1! generation–recombination within the depletion region
~2! tunneling through the depletion region,
~3! surface effects,
~4! impact ionization,
~5! space-charge limited current.

a. Generation–recombination current. The importance
of this current mechanism was first pointed out by S
et al.,39 and was later extended by Choo.40 It appears that
one space-charge region generation–recombination cur
could be more important than its diffusion current, especia
at low temperatures, although the width of the space-cha
region is much less than the minority carrier diffusion lengt
The generation rate in the depletion region can be very mu
greater than in the bulk of the material. In reverse bias, t
current can be given by an equation similar to Eq.~61!,

I5qGdepVdep, ~63!

wheregdep is the generation rate andVdep is the volume of
the depletion region. In particular, the generation rate fro
traps in the depletion region is given by the Shockley-Rea
Hall formula

Gdep5
ni
2

n1te01p1tn0
, ~64!

where n1 and p1 are the electron and hole concentration
which would be obtained if the Fermi energy was at the tr
energy andte0 and th0 are the lifetimes in stronglyn-type
and p-type material. Normally, one of the terms in the de
nominator of Eq.~64! will dominate and for the case of a
trap at the intrinsic level holdsni andpi5ni , giving

Gdep5
ni
t0

~65!

and then the generation–recombination current of the dep
tion region is equal

JGR5
qwni

t0
. ~66!

FIG. 7. Schematic representation of some of the mechanisms by which d
current is generated in a reverse-biasedp-n junction ~after Ref. 31!.
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The comparison of Eqs.~62! and ~65! indicates that the
generation rate in the bulk of the material is proportional t
ni
2, whereas the generation rate in the depletion region
proportional to ni for a midgap state. The generation–
recombination current varies roughly as the square root
the applied voltage (w;V1/2) for the case of an abrupt junc-
tion, or as the cube root (w;V1/2) for a linearly graded
junction. This behavior, in which the current increases wit
reverse bias, can be contrasted with a diffusion-limited d
ode, where the reverse current is independent of volta
above a fewkT/q.

Space-charge region generation–recombination curre
varies with temperature asni , i.e., less rapidly than diffusion
current which varies asni

2.
The zero bias resistance can be found by differentiatin

Eq. ~66! and settingV50

~R0A!GR5S dJGRdV D
uV50

21

5
2Vbt0
qniw

, ~67!

where Vb5kT ln (NaNd/ni
2). In evaluating Eq.~67!, the

term of greatest uncertainty ist0.
b. Tunneling current. The third type of dark current

component that can exist is a tunneling current caused
electrons directly tunneling across the junction from the va
lence band to the conduction band~direct tunneling! or by
electrons indirectly tunneling across the junction by way o
intermediate trap sites in the junction region@indirect tunnel-
ing or trap-assisted tunneling~see Fig. 7!#.

The usual direct tunneling calculations assume a partic
of constant effective mass incident on a triangular or par
bolic potential barrier.41 For the triangular potential barrier

JT5
q2EVb
4p2\2 S 2m*

Eg
D 1/2expF2

4~2m* !
1
2Eg

3/2

3q\E
G . ~68!

For an abruptp-n junction the electric field can be approxi-
mated by

E5F 2q«0«s
SEg

q
6VbD np

n1pG1/2. ~69!

The tunnel current is seen to have an extremely strong d
pendence on energy gap, applied voltage, and an effect
doping concentrationNef5np/(n1p). It is relatively insen-
sitive to temperature variation and the shape of the junctio
barrier. For the parabolic barrier41

JT} expF2
~pm* !1/2Eg

3/2

23/2q\E G . ~70!

Apart from direct band-to-band tunneling, tunneling is
possible by means of indirect transitions in which impuritie
or defects within the space-charge region act as intermedi
states. This is a two-step process in which one step is
thermal transition between one of the bands and the trap a
the other is tunneling between the trap and the other ban
The tunneling process occurs at lower fields than dire
band-to-band tunneling because the electrons have a sho
distance to tunnel~see Fig. 7!.

c. Surface leakage current.In a realp-n junction, par-
ticularly in wide gap semiconductors and at low tempera

ark
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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tures, additional dark current related to the surface occu
Surface phenomena play an important part in determin
photovoltaic detector performance. The surface provide
discontinuity which can result in a large density of interfac
states. These generate minority carriers by the Shockle
Read–Hall~SRH! mechanism, and can increase both the d
fusion and depletion region generated currents. The surf
can also have a net charge, which affects the position of
depletion region at the surface.

The surface of actual devices is passivated in order
stabilize the surface against chemical and heat-indu
changes as well as to control surface recombination, leaka
and related noise. Native oxides and overlying insulators
commonly employed inp-n junction fabrication which in-
troduce fixed charge states which then induce accumula
or depletion at the semiconductor-insulator surface. We c
distinguish three main types of states on the semiconduc
insulator interface, namely, fixed insulator charge, low su
face states, and fast surface states. The fixed charge in
insulator modifies the surface potential of the junction.
positively charged surface pushes the depletion region f
ther into thep-type side and a negatively charged surfa
pushes the depletion region towards then-type side. If the
depletion region is moved towards the more highly dop
side, the field will increase, and tunneling becomes mo
likely. If it is moved towards the more lightly doped side, th
depletion region can extend along the surface, greatly
creasing the depletion region generated currents. When
ficient fixed charge is present, accumulated and inverted
gions as well asn-type andp-type surface channels are
formed ~see Fig. 8!. An ideal surface would be electrically
neutral and would have a very low density of surface stat
The ideal passivation would be a wide gap insulator grow
with no fixed charge at the interface.

Fast interface states, which act as generatio
recombination centers, and fixed charge in the insula
cause a variety of surface-related current mechanisms.
kinetics of generation–recombination through fast surfa
states is identical to that through bulk SRH centers. The c
rent in a surface channel is given by@see Eq.~66!#

FIG. 8. Effect of fixed insulator charge on the effective junction spac
charge region:~a! flatband condition;~b! positive fixed charge~inversion of
thep side, formation of ann-type surface channel!; ~c! negative fixed chan-
nel ~accumulation of thep side, field induced junction at the surface!; ~d!
large negative fixed charge~inversion of then side, formation ofp-type
surface channel!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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IGRS5
qniwcAc

t0
, ~71!

wherewc is the channel width andAc is the channel area.
Apart from generation–recombination processes occu

ring at the surface and within surface channels, there a
other surface-related current mechanisms, termed surfa
leakage, with ohmic or breakdownlike current–voltage cha
acteristics. They are nearly temperature independent. Surfa
breakdown occurs in a region of high electric field@Fig. 8~c!,
where the depletion layer intersects the surface; Fig. 8~d!,
very narrow depletion layer#.

Band bending at thep-n junction surface can be con-
trolled by a gate electrode overlaid around the junction p
rimeter on an insulating film.

The dark current as a sum of several independent cont
butions can also be written as follows:

I5I sFexpq~V2IRs!

bkT
21G1

V2IRs

Rsh
1I T , ~72!

whereRs is the series resistance andRsh is the shunt resis-
tance of the diode. In the case of predominant diffusion cu
rent the b coefficient approaches unity; but when the
generation–recombination current is mainly responsible f
carrier transport,b equals 2.

d. Impact ionization, avalanche photodiode.When the
electric field in a semiconductor is increased above a certa
value, the carriers gain enough energy~greater than the band
gap! so that they can excite electron–hole pairs by impa
ionization. An avalanche photodiode~APD! operates by con-
verting each detected photon into a cascade of moving c
rier pairs. The device is a strongly reverse-biased photodio
in which the junction electric field is large; the charge carri
ers therefore accelerate, acquiring enough energy to exc
new carriers by the process of impact ionization.

The avalanche multiplication process is illustrated i
Fig. 9. A photon absorbed at point 1 creates an electron-ho
pair. The electron accelerates under the effect of the stro
electric field. The acceleration process is constantly inte
rupted by random collisions with the lattice in which the
electron loses some of its acquired energy. These compet
processes cause the electron to reach an average satura
velocity. The electron can gain enough kinetic energy tha
upon collision with an atom, it can break the lattice bonds

e-
FIG. 9. Schematic representation of the multiplication process in an APD
7447Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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creating a second electron-hole pair. This is called imp
ionization ~at point 2!. The newly created electron and hol
both acquire kinetic energy from the field and create ad
tional electron-hole pairs~e.g., at point 3!. These in turn
continue the process, creating other electron-hole pairs. T
process is therefore called avalanche multiplication.

The abilities of electrons and holes to impact ionize a
characterized by the ionization coefficientsae andah . These
quantities represent ionization probabilities per unit leng
The ionization coefficients increase with the depletion lay
electric field and decrease with increasing device tempe
ture.

An important parameter for characterizing the perfo
mance of an APD is the ionization ratiok5ah/ae . When
holes do not ionize appreciably~i.e.,ah!ae , k!1!, most of
the ionization is achieved by electrons. The avalanching p
cess then proceeds principally from left to right~i.e., from
the p side ton side! in Fig. 9. It terminates some time late
when all the electrons arrive at then side of the depletion
layer. If electrons and holes both ionize appreciably~k'1!,
on the other hand, those holes moving to the left create e
trons that move to the right, which, in turn, generate furth
holes moving to the left, in a possibly unending circulatio
Although this feedback process increases the gain of the
vice ~i.e., the total generated charge in the circuit per pho
carrier pair!, it is nevertheless undesirable for several re
sons: it is time consuming and therefore reduces the dev
bandwidth, it is random and therefore increases the dev
noise, and it can be unstable, thereby causing avalan
breakdown. It is therefore desirable to fabricate APDs fro
materials that permit only one type of carrier~either elec-
trons or holes! to impact ionize. If electrons have the highe
ionization coefficient, for example, optimal behavior i
achieved by injecting the electron of a photocarrier pair
the p edge of the depletion layer and by using a mater
whose value ofk is as low as possible. If holes are injected
the hole of a photocarrier pair should be injected at then
edge of the depletion layer andk should be as large as pos
sible. The ideal case of single-carrier multiplication
achieved whenk50 or `.

In an optimally designed photodiode, the geometry
the APD should maximize photon absorption~for example,
by assuming the form of ap- i -n structure! and the multipli-
cation region should be thin to minimize the possibility o
localized uncontrolled avalanches~instabilities or microplas-
mas! being produced by strong electric field. Great
electric-field uniformity can be achieved in a thin region
These two conflicting requirements call for an APD design
which the absorption and multiplication regions are separa
For example, Fig. 10 shows a reach-throughp1 -p-p-n1

APD structure which accomplishes this. Photon absorpt
occurs in the widep region ~very lightly dopedp region!.
Electrons drift through thep region into a thinp-n1 junc-
tion, where they experience a sufficiently strong electric fie
to cause avalanching. The reverse bias applied across
device is large enough for the depletion layer to rea
through thep andp regions into thep1 contact layer.

A comprehensive theory of avalanche noise in APD
7448 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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was developed by McIntyre.42 The noise of an APD per unit
bandwidth can be described by the formula

^I n
2&52qIpĥ M &2F, ~73!

where I ph is unmultiplied photocurrent~signal!, ^M & is the
average avalanche gain andF is the excess noise facto
which turns out to be related to the mean gain and the i
ization ratio by

F5k^M &1~12k!S 12
1

^M & D . ~74!

In p-n and p- i -n reverse-biased photodiodes witho
gain, ^M &51, F51 and the well-known shot noise formul
will indicate the device’s noise performance. In the av
lanche process, if every injected photocarrier underwent
same gainM , the factor would be unity, and the resultin
noise power would only be the input shot noise due to
random arrival of signal photons, multiplied by the ga
squared. The avalanche process is, instead, intrinsically
tistical, so that individual carriers generally have differe
avalanche gains characterized by a distribution with an av
age^M &. This causes additional noise called avalanche
cess noise, which is conveniently expressed by theF factor
in Eq. ~74!. As was mentioned above, to achieve a lowF, not
only mustae andah be as different as possible, but also th
avalanche process must be initiated by carriers with
higher ionization coefficient. According to McIntyre’s rule
the noise performance of ADP can be improved by mo
than a factor of 10 when the ionization ratio is increased to

e. Space-charge limited current.In the case of wide
band-gapp-n junctions, the forward current–voltage chara
teristics are often described by equation

J} expS qV

bkTD , ~75!

where the diode ideality factorb.2. This value ofb does
not fall within the range that results when diffusion curre
~b51! or depletion layer current~b52! dominate the

FIG. 10. Reach-throughp1-p-p-n1 APD structure.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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forward-bias current conduction. This behavior is typical
an insulator with shallow and/or deep traps and therm
generated carriers.

Space-charge limited~SCL! current flow in solids has
been considered in detail by Rose,43 Lampert, and Mark44,45

They loosely defined materials withEg<2 eV as semicon-
ductors and those withEg>2 eV as insulators. It means, e.g
that GaN could be considered as an insulator.

When a sufficiently large field is applied to an insulat
with ohmic contacts, electrons will be injected into the bu
of the material to form a current which is limited by spac
charge effects. When trapping centers are present, they
ture many of the injected carriers, thus reducing the den
of free carriers.

At low voltages where the injection of carriers into th
semiinsulating material is negligible, Ohm’s law is obey
and the slope of theJ–V characteristics defines the resisti
ity r of the material. At some applied voltageVTH the current
begins to increase more rapidly than linearly with appl
voltages. HereVTH is given by

VTH54p31012qpt
t2

«
, ~76!

where t is the thickness of the semiinsulating material, a
pt is the density of trapped holes, if one carrier~holes! space-
charge limited current is considered. As the voltage is c
tinuously increased beyondVTH additional excess holes ar
injected into the material and the current density is given

J510213mh«u
V2

t2
, ~77!

whereu is the probability of trap occupation determined a
ratio of the densities of free to trapped holes. Hereu is given
by

u5
p

pt
5
Nv

Nt
expS 2

Et

kTD , ~78!

whereNv is the effective density of states in the valen
band,Nt is the density of traps, andEt is the depth of traps
from the top of the valence band. When the applied volta
further increases, the square-law region of Eq.~77! will ter-
minate in a steeply rising current which increases unti
becomes the trap-free SCL currents given by

J510213mh«
V2

t2
. ~79!

The density of trapsNt can be determined from the vol
ageVTFL at which the traps are filled and the currents r
sharply

VTFL54p31012qNt

t2

«
. ~80!

The trap depthEt can also be calculated from the E
~80! using the value ofNt . But if Eq. ~77! is measured as th
function of temperature and a plot of ln~uT3/2! vs 1/T is
possible,Et andNt can be obtained directly from these da
without referring to Eq.~80!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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For the purpose of illustration of the above phenomen
in semiinsulating materials, consider the four logJ vs logV
graphs in Fig. 11. Figure 11~a! represents an ideal insulator
where I}V2, indicating SCL current flow. In other words,
there are no thermally generated carriers resulting fro
impurity-band or band-to-band transitions; the conduction
only within the conduction band as a result of carrier inje
tion. As shown in Fig. 11~b!, ohmic conduction is obtained
in trap-free insulators in the presence of thermally genera
free carriers,n0. When the injected carrier densityninj ex-
ceeds n0~ninj.n0!, ideal insulator characteristics are
observed (I}V2). Shallow traps contribute to anI}V2 re-
gime at a lower voltage followed by a sharp transition to a
ideal insulator, square-law regime as shown in Fig. 11~c!.
The sharp transition corresponds to an applied voltage.VTFL
required to fill a discrete set of traps which are initially un
occupied. Figure 11~d! illustrates the case of a material with
deep traps which have become filled whenninj becomes
comparable tono . The voltage at which this occurs isVTFL .
Therefore, atV,VTFL ohmic conduction is observed and a
V.VTFL SCL current flow dominates.

3. Response time

The upper-frequency response of a photodiode may
determined by basically three effects: the time of carrier d
fusion to the junction depletion region,t0; the transit time of
carrier drift across the depletion region,ts ; and theRC time
constant associated with circuit parameters including t
junction capacitanceC and the parallel combination of diode
resistance and external load~the series resistance is ne
glected!.

Photodiodes designed for fast response are gener
constructed so that the absorption of radiation occurs in t
p-type region. This ensures that most of the photocurrent
carried by electrons which are more mobile than hol
~whether by diffusion or drift!. The frequency response for
the diffusion process in a backside illuminated diode h
been calculated by Sawyeret al.47 as a function of diode
thickness, diffusion constant, absorption depth, minority ca
rier lifetime, and surface-recombination velocity. Assumin
that the diffusion length is greater than both the diode thic
ness and the absorption depth, the cutoff frequency wh
the response drops by&, is given by31

FIG. 11. Schematic drawings of the logarithmic dependence of current
voltage for ~a! an ideal insulator,~b! a trap-free insulator with thermally
generated free carriers,~c! an insulator with shallow traps and thermal free
carriers, and~d! an insulator with deep traps and thermal-free carriers~after
Ref. 46!.
7449Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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2.43D

2pt2
, ~81!

whereD is the diffusion constant andt is the diode thick-
ness.

The depletion region transit time is equal to

t t5
wdep

vs
, ~82!

wherewdep is the depletion region width andvs is the carrier
saturation drift velocity in the junction field, which has
value of about 107 cm/s. The frequency response of a trans
time limited diode has been derived by Gartner.48

In practice the most serious limitation arises from th
RC time constant, which for an abrupt junction is given b

tRC5
ART
2 S q«0«sN

V D 1/2. ~83!

RT5Rd(Rs1RL)/(Rs1Rd1RL) whereRs , Rd , andRL are
the series, diode, and load resistances. To reduce theRC
time constant, we can decrease the majority carrier conc
tration adjacent to the junction, increaseV by means of a
reverse bias, decrease the junction area, or lower either
diode resistance or the load resistance. Except for the ap
cation of a reverse bias, all of these changes reduce the
tectivity. The trade-off between response time and detec
ity is then apparent.

D. Schottky barrier photodiodes

Schottky barrier photodiodes have been studied qu
extensively41 and have also found application as ultraviole
detectors. These devices reveal some advantages overp-n
junction photodiodes: fabrication simplicity, absence
high-temperature diffusion processes, and high speed of
sponse.

1. Schottky –Mott theory and its modifications

According to a simple Schottky–Mott model, the rect
fying property of the metal-semiconductor contact aris
from the presence of an electrostatic barrier between
metal and the semiconductor which is due to the differen
in work functionsfm andfs of the metal and semiconductor
respectively. For example, for a metal contact with ann-type
semiconductor,fm should be greater, while for ap-type
semiconductor it should be less thanfs . The barrier heights
in both these cases, shown in Figs. 12~a! and 12~b!, are given
by

FIG. 12. Equilibrium energy band diagram of Schottky barrier junctions:~a!
metal-~n-type! semiconductor,~b! metal-~p-type! semiconductor.
7450 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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fbn5fm2xs ~84!

and

fbp5xs1Eg2fm, ~85!

respectively, wherexs is the electron affinity of the semicon-
ductor. The potential barrier between the interior of the sem
conductor and the interface, known as band bending, is give
by

cs5fm2fs ~86!

in both cases. Iffb.Eg , the layer of thep-type semicon-
ductor adjacent to the surface is inverted in type and we hav
a p-n junction within the material. However, in practice the
built-in barrier does not follow such a simple relationship
with fm and is effectively reduced due to interface state
originating either from surface states or from metal-induce
gap states and/or due to interface chemical reactions of me
and semiconductor atoms.

In the literature, there are numerous and considerab
variations among experimental data onfm .

49 Their analysis
indicates an empirical relationship of the type60

fb5g1fm1g2 , ~87!

whereg1 andg2 are constants characteristic of the semicon
ductors. Two limit cases, namelyg150 andg151 indicative
of Bardeen barrier~when influence of localized surface states
is decisive! and ideal Schottky barrier, respectively, can be
visualized from such an empirical relation. It has also bee
pointed out by various workers that the slope paramete
g15]fb/]fm can be used for describing the extent of Ferm
level stabilization or pinning for a given semiconductor. The
parametersg1 andg2 have been used by some workers for
estimating the interface state density.

It was shown by Cowley and Sze50 that, according to the
Bardeen model, the barrier height in the case of ann-type
semiconductor is given approximately by

fon5g~fm2xs!1~12g!~Eg2f0!2Df, ~88!

whereg5« i(« i1qdDg). The termf0 is the position of the
neutral level of the interface states measured from the top
the valence band,Df is the barrier lowering due to image
forces,d is the thickness of the interfacial layer, and«i its
total permittivity. The surface states are assumed to be un
formly distributed in energy within the band gap, with a
densityDg per electron volt per unit area. If there are not
surface states,Dg50, and neglectingDf, Eq.~88! reduces to
Eq. ~84!. If the density of states is very high,g becomes very
small andfbn approaches the valueEg2f0. This is because
a very small deviation of the Fermi level from the neutral
level can produce a large dipole moment, which stabilize
the barrier height by a sort of negative feedback effect. Th
Fermi level is pinned relative to the band edges by the su
face states.

A similar analysis for the case of ap-type semiconductor
shows thatfbp is approximately given by

fbp5g~Eg2fm1xs!1~12g!f0 . ~89!
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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Hence if fbn and fbp refer to the same metal onn- and
p-type specimens of the same semiconductor, we sho
have

fbn5fbp>Eg ~90!

if the semiconductor surface is prepared in the same wa
both cases, so thatd, «i , Dg , and f0 are the same. This
relationship holds quite well in practice. It is usually true th
fbn.Eg/2, andfbn.fbp.

2. Current transport processes

The current transport in metal-semiconductor contact
due mainly to majority carriers, in contrast top-n junctions,
where current transport is due mainly to minority carrie
The current can be transported in various ways under
ward bias conditions as shown in Fig. 13. The four proces
are:49

~a! emission of electrons from the semiconductor over
top of the barrier into the metal,

~b! quantum mechanical tunneling through the barrier,
~c! recombination in the space-charge region,
~d! recombination in the neutral region~equivalent hole

injection from the metal to the semiconductor!.

The inverse processes occur under reverse bias. In a
tion, we may have edge leakage current due to a high ele
field at the contact periphery or interface current due to tr
at the metal-semiconductor interface.

The transport of electrons over the potential barrier ha
been described by various theories, namely: diffusion,51,52

thermionic emission,53 and unified thermionic emission
diffusion.50 It is now widely accepted that, for high-mobility
semiconductors with impurity concentrations of practical
terest, the thermionic emission theory appears to exp
qualitatively the experimentally observed I –V
characteristics.54 Some workers55 have also included in the
simple thermionic theory the quantum effects~i.e., quantum-
mechanical reflection and tunneling of carriers through
barrier! and have tried to obtain modified analytical expre
sions for the current–voltage relation. This, however, h
essentially led to a lowering of the barrier height and
rounding off of the top.

The thermionic emission theory by Bethe53 is derived
from the assumptions that the barrier height is much lar
thankT, thermal equilibrium is established at the plane th

FIG. 13. Four basic transport processes in forward-biased Schottky ba
on ann-type semiconductor~after Ref. 49!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
uld

in

at

is

s.
or-
ses

he

ddi-
tric
ps

ve

n-
ain

he
s-
as
a

er
at

determines emission, and the existence of a net current fl
does not affect this equilibrium. Bethe’s criterion for th
slope of the barrier is that the barrier must decrease by m
than kT over a distance equal to the scattering length. T
resulting current flow will depend only on the barrier heigh
and not on the width, and the saturation current is not dep
dent on the applied bias. Then the current density of major
carriers from the semiconductor over the potential barr
into the metal is expressed as

JMSt5JstFexpS qV

bkTD21G , ~91!

where saturation current density

Jst5A*T2 expS 2
fb

kTD ~92!

and A*54pqk2m* /h3 equal 120(m* /m) A cm22 K22 is
the Richardson constant,m* is the effective electron mass
andb is an empirical constant close to unity. Equation~91!
is similar to the transport equation forp-n junctions. How-
ever, the expression for the saturation current densities
quite different.

It appears that the diffusion theory is applicable to low
mobility semiconductors and the current density expressio
of the diffusion and thermionic emission theories are ba
cally very similar. However, the saturation current densi
for the diffusion theory

Jsd5
q2DeNc

kT Fq~Vbi2V!2Nd

«0«s
G ~93!

varies more rapidly with the voltage but is less sensitive
temperature compared with the saturation current densityJst
of the thermionic emission theory.

A synthesis of the thermionic emission and diffusion a
proaches described above has been proposed by Crowell
Sze.50 They assumed Bethe’s criterion for the validity of th
thermionic emission~the mean free path should exceed th
distance within which the barrier falls bykT/q from its
maximum value! and also took into account the effects o
optical phonon scattering in the region between the top of t
barrier and the metal and of the quantum mechanical refl
tion of electrons which have sufficient energy to surmou
the barrier. Their combined effect is to replace the Richar
son constantA* with A** 5 f pf qA* , where f p is the prob-
ability of an electron reaching the metal without being sca
tered by an optical phonon after having passed the top of
barrier, andf q is the average transmission coefficient. Th
termsf p and f q depend on the maximum electric field in th
barrier, the temperature, and the effective mass. Gener
speaking, the productf pf q is on the order of 0.5.

3. R0A product and responsivity

Knowing Jst with Eq. ~92!, R0A can be calculated from

~R0A!MS5S dJMStdV D
uV50

21

5
kT

qJst
5

k

qA*T
expS fb

kTD . ~94!

According to Eq.~1!, the current responsivity may be
written in the form

rrier
7451Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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hc
h ~95!

and the voltage responsivity

Rv5
ql

hc
hR, ~96!

whereR5(dI/dV)21 is the differential resistance of the pho
todiode.

E. Comparison of different types of semiconductor
photodetectors

At this point it is important to discuss some importan
differences between photoconductive,p-n junction and
Schottky barrier detectors.

The photoconductive detectors exhibit the important a
vantage of the internal photoelectric gain, which relaxes r
quirements to a low noise preamplifier. The advantages
p-n junction detectors relative to photoconductors are: lo
or zero bias currents; high impedance, which aids coupli
to read-out circuits in focal plane arrays; capability for high
frequency operation and the compatibility of the fabricatio
technology with planar-processing techniques. In compa
son with Schottky barriers, thep-n junction photodiodes
also indicate some important advantages. The thermio
emission process in Schottky barrier is much more efficie
than the diffusion process and, therefore, for a given built-
voltage, the saturation current in a Schottky diode is seve
orders of magnitude higher than in thep-n junction. In ad-
dition, the built-in voltage of a Schottky diode is smaller tha
that of ap-n junction with the same semiconductor. How
ever, high-frequency operation ofp-n junction photodiodes
is limited by the minority-carrier storage problem. In othe
words, the minimum time required to dissipate the carrie
injected by the forward bias is dictated by the recombinati
lifetime. In a Schottky barrier, electrons are injected from th
semiconductor into the metal under forward bias if the sem
conductor isn type. Next they thermalize very rapidly
~'1014 s! by carrier–carrier collisions, and this time is neg
ligible compared to the minority-carrier recombination life
time.

F. Semiconductor materials used for ultraviolet
detectors

Different semiconductor compounds have been used
fabricate photodetectors with spectral responses in the
region. Figure 14 shows the spectral detectivity of optic
detectors responding in the 0.1–1.2mm region. Note that
detectivity is notD* , but rather reciprocal of NEP for a 1 Hz
bandwidth. This figure of merit is employed to include pho
tomultipliers whose noise does not in all cases depend up
the square root of the photocathode area. Table II lists
areas which Seib and Aukerman30 state are proper to the
various detectors illustrated. The reader can convert to
D* values appropriate to the photoconductive and photov
taic detectors by multiplying the detectivity value illustrate
7452 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
-

t

d-
e-
of
w
ng
-
n
ri-

nic
nt
in
ral

n
-

r
rs
on
e
i-

-
-

to
UV
al

-
on
the

the
ol-
d

by the square root of the detector area. The signal fluctuat
limit shown in Table II is independent of area~see Sec.
III A !.

Historically, the development of a high quantum effi
ciency semiconductor detectors in the whole UV range h
been hampered by the extremely strong absorption a
strong radiation induced aging effects in most of the sem
conductor materials. It is especially visible in the case
silicon which, due to mature technology, is the most popul
semiconductor material used for fabrication of UV detector
For this semiconductor the photon penetration depth rang
from less than 10 nm in the NUV and MUV to 100mm for
10 keV x rays@see Fig. 15~a!#.8 The absorption lengths for
three semiconductor materials, Si, GaAs, and GaP as wel
for SiO2 and Au~photoemissive gold diode is the most com

FIG. 14. Detectivity vs wavelength values of 0.1–1.2mm photodetectors.
PC indicates a photoconductive detector and PM indicates a photomultipl
Detector areas are given in Table II~after Ref. 26!.

TABLE II. Areas of detectors illustrated in Fig. 14.

Detector Area~cm2!

CdS photoconductor~PC! 1
CdSe photoconductor~PC! 1
Si Schottky barrier photodiode 0.03
Si p-n junction photodiode 0.25
Si photoconductor 0.25
Si avalanche photodiode 0.07
Ge photoconductor~PC! 0.20
Ge ac bias photoconductor~PC! 2.431025

Photomultiplier~PM! 1.0
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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mon transfer detector in the spectral range above 250 eV! are
shown in Fig. 15~b! for photon energies between 30 eV an
6 keV, corresponding to wavelengths between 40 and
nm. Especially for photon energies below about 700 eV
great part of the incident radiation is absorbed in the fi
several hundred nanometers of a semiconductor detector
garding the absorption lengths at higher photon energies,
sensitive depth of a semiconductor detector should be of
order of at least 10mm to avoid the penetration of photon
through this sensitive volume. For high-energy detecti
usually the depletion layer is taken as sensitive volume.

Figure 14 shows that different semiconductors cover
UV spectral range. However, the modern semiconductor

FIG. 15. Absorption lengths of silicon~a! and various materials~b! in the
UV spectral region~after Refs. 8 and 56!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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detectors are mainly fabricated using Si. Many of the app
cations for UV detection involve hostile environments suc
as in situ combustion monitoring and satellite-based missi
plume detection, where the ruggedness of active UV detec
material is an important advantage. Other applications ca
talize on the sensitivity of wide band-gap semiconductor d
tectors, such as air quality monitoring, gas sensing, and p
sonal UV exposure dosimetry. Industries such as t
aerospace, automotive, petroleum, and others have cont
ously provided the impetus pushing the development
fringe technologies which are tolerant of increasingly hig
temperatures and hostile environments. In the field of opti
devices, several trends are pushing research into new m
rials. Considering the relatively advanced stage of SiC dev
opment, it appears that most high-temperature, high-pow
electronic devices will be fabricated from that material. Th
wide band-gap energy also permits fabrication of SiC U
detectors. A technological progress in fabrication of mate
als based on the III–V nitrides together with their inhere
favorable properties, make III–V nitrides the most promisin
semiconductor materials for application in the UV wave
length range.57–59 III–V nitride devices will be capable of
improved high power and temperature operation due to th
large band gaps.

GaN has many advantages over SiC for applications,
lags in development. While its thermal conductivity, therm
stability, chemical inertness, breakdown fields, and band g
are all roughly comparable to SiC, its optoelectronic prope
ties will be superior. GaN has a direct band gap,
momentum-conserving transitions connect states having
samek values. Therefore, GaN is one of the most promisin
materials for light-emitting devices in the blue, violet, an
ultraviolet spectral regions. Table III compares SiC and Ga
to the conventional semiconductors for power electronic a
plications. The Johnson60 and Keyes61 figure of merit pro-
vides an estimate of the suitability of a material for powe
electronics. Because of the wide band gap of GaN~Eg53.4
eV! there is no responsivity to infrared radiation~long wave-
length cutoff occurs at 365 nm! which is important in many
applications whenever it is desirable to detect UV in a visib
and infrared background. It should be expected that G
radiation resistance is superior to SiC. Initial results indica
that ohmic contacts to GaN will be superior to those possib
with SiC. Finally, the ease with which heterostructures c

TABLE III. Johnson ~Ref. 60! and Keyes~Ref. 61! figures of merit for
electronic devices fabrication in the Si, Ge, GaAs, 6H and 3C SiC, and G
systems~after Ref. 58!.a

Material
Evs/2p ~V/s!
Johnson

st(cvs/4p«)1/2 ~W/deg!
Keyes

Breakdown field
~V/cm!

Si 231011 6.73107 43105

Ge 131011 1.53107 2.53105

GaAs 731011 2.73107 53105

6H–SiC 1.331013 353107 43106

3C–SiC 1.231013 393107 33106

GaN 1.631013 123107 on GaN 43106

30–403107 on SiC

aE0 breakdown field,vs saturation electron drift velocity,st thermal con-
ductivity, « dielectric constant.
7453Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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TABLE IV. Comparison of important semiconductor properties for high-temperature electronics~after Refs. 57
and 58!.

Parameter Si GaAs GaP
3C–SiC

~6H–SiC! GaN Diamond

Lattice parameters~Å! a55.4301 a55.6533 a54.36 a53.189
~a53.08! c55.185

~c515.12!
Band gap~eV! 1.1 1.4 2.3 2.2 3.39 5.5

at 300 K ~2.9!
Coefficient of thermal 3.59 6.0 5.59

expansion~104 K21! ~4.2! 3.17
~4.68!

Maximum operating 600? 760? 1250? 1200 1400?
temperature~K! ~1580!
Melting point ~K! 1690 1510 1740 Sublimes Phase

.2100 changes
Physical stability Good Fair Fair Excellent Good Very good
Electron mobility~cm2/V s! 1400 8500 350 1000 900 2200

at 300 K ~600!
Hole mobility ~cm2/V s! 600 400 100 40 150? 1600

at 300 K
Breakdown voltage 0.3 0.4 ••• 4 5? 10

~106 V/cm!
Thermal conductivity 1.5 0.5 0.8 5 1.3 20

~W/cm!
Saturation electron drift 1 2 ••• 2 2.7 2

velocity ~107 cm/s!
Static dielectric constant 11.8 12.8 11.1 9.7 9 5.5
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be formed with AlN and lnN alloys is a great advantage
more complex device structures.

The wurtzite polytypes of GaN, AlN, and lnN form con
tinuous alloy systems whose direct band gaps range from
eV for InN, to 3.4 eV for GaN, to 6.2 eV for AlN. Thus, th
III–V nitrides could potentially be fabricated into optical d
vices which are active at wavelengths ranging from the
well into the UV. Table IV compares relevant material pro
erties of SiC and GaN with Si and GaAs, the two most po
lar semiconductor device technologies, and GaP and
mond, two other contenders for high-temperature operati
Diamond has long been recognized as a promising mat
for fabricating robust, solar-blind radiation detectors. Ho
ever, due to technological limitation, diamond is still pote
tial material for future technologies.13,62 The device maxi-
mum operating temperature parameter given in Table IV
calculated as the temperature at which the intrinsic ca
concentration equals 531015 cm23 and is intended as a roug
estimate of the band gap limitation on device operati
More important for the maximum operating temperature
the physical stability of the material.

IV. Si ULTRAVIOLET DETECTORS

Silicon photodiodes, originally designed for the visib
spectral range, can be also used in the UV region. Array
silicon photodiodes are fabricated by a number of manu
turers, e.g., the most commonly used arrays for astronom
spectroscopy are fabricated by EG and Reticon.63 Building a
silicon photodiode with a high ultraviolet quantum efficien
has not been the problem. The problem has been to mai
that high quantum efficiency under ultraviolet irradiation a
l. Phys., Vol. 79, No. 10, 15 May 1996
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over a period of years.
Two types of silicon UV detectors are fabricated:

~1! diffused photodiode,
~2! Schottky barrier photodiode.

In the diffusion photodiode a depletion layer is forme
between thep- andn-doped layers, in a Schottky diode it is
formed at the semiconductor-metal interface.

A. Diffused photodiodes

Figure 16 shows a typical spectral dependence of qu
tum efficiency of the older types of silicon photodiodes. Th
quantum efficiency of this device is considerably lower tha
the theoretical value between 1400 and 2000 Å. Additio

FIG. 16. Quantum efficiency of older design silicon photodiode~after Ref.
64!.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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ally, this photodiode is almost dead to UV photons of wav
lengths shorter than 1200 Å, presumably because of a t
anti-reflecting silicon dioxide layer on the front surface. T
majority of the oldest types of silicon photodiodes had
dead region at their surface, so carriers generated by
photons were lost in this region before they could be c
lected by thep-n junction, leading to a loss of quantum
efficiency. The susceptibility of the oxide–silicon interfac
to high levels of UV radiation has been known about at le
since 1966.65 Even if a photodiode had 100% internal qua
tum efficiency, a thick silicon dioxide layer on the diod
surface would reduce the quantum efficiency in the 400
1200 Å region drastically.

To overcome the above-mentioned difficulties, it h
been proposed and demonstrated that natural inversion l
photodiodes66 should have an internal short-waveleng
quantum efficiency of 100% due to the nature of the built
field associated with a strongly inverted layer at the oxid
silicon interface. Figure 17~a! shows a schematic diagram o
this photodiode. The inversion layer is contacted via then1

diffusion by means of the inner metal ring. The outer me
ring contacts thep1 guarding and thereby thep substrate.
The substrate can also be connected via thep1 diffusion on
the backside. Hansen66 has fabricated the photodiodes o
100V cm substrates, which corresponds to an acceptor c
centration of 1.431017 cm23. The substrates were oriente
along thê 111&-direction. The oxide, which also serves as
anti-reflection layer, was grown in dry oxygen. The intrins
fixed positive charge within the SiO2 causes thep-type sub-
strate to undergo inversion, and thus induces a very t
n-type region adjacent to the SiO2Si interface, and forms the
requiredp-n junction. Such devices have an oxiden1 p
structure and are available commercially, e.g., UDT-UV5068

FIG. 17. Schematic diagram of the silicon UV photodiodes:~a! inversion
layer type;~b! phosphorus diffused type~n on p!; and ~c! boron-diffused
type ~p on n! ~after Ref. 67!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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Since the junction creation process results in a built-in fie
which is optimum for removing minority carriers from the
oxide–silicon interface, these devices are less prone to
combination and trapping effects, and thus higher UV qua
tum efficiency can be achieved than in the case of diffus
junction photodiodes.

Figure 18 shows spectral dependence of quantum e
ciency of UDT standard UV 100 inversion layer photodiode
which had 1200 Å anti-reflection layers of oxide. The ab
sence of any dead region at the front surface of these dio
has been verified by internal quantum efficiency measu
ments in the 250–500 nm spectral range. These diodes
also almost dead below 1200 Å because of the thick silic
oxide anti-reflecting coating on the front surface. Becau
the inversion layer charge which causes the semiconduc
surface inversion is situated within the first 100 Å of silico
oxide from the semiconductor surface, any efforts to exte
the diodes response below 1200 Å by reducing the silic
oxide coating to a few tens of angstroms is undesirable.

Instabilities were also encountered with this type of ph
todiode. Inversion layer diodes have a low linearity rang
~the range over which the diode current is proportional
input irradiance! due to the inherently high sheet resistanc
of an inverted semiconductor layer. Moreover, it appears th
the fixed oxide charge that induces the inversion layer in t
diode was neutralized as a result of UV irradiation.67 Since
the inversion layer charge decreases with decreasing ox
charge, the diode inversion layer resistance, which is in
ries with the diode, would increase. Thus the threshold va
of forward bias needed to cause a nonlinearity could
dropped across the increased series resistance by a s
value of photocurrent, resulting in a loss of linearity range

The best quality Si photodiodes for UV application
have been developed by Korde and co-workers.64,67,69,70

They used different methods of junction fabrication, but th
better results have been obtained using defect-free arsen69

and phosphorus67,70 diffusions.
Figure 17~b! is a schematic diagram of diffused type S

photodiode. The starting material was a float-zone,^111& ori-
ented,p-type, 100V cm, one side mirror polished, silicon

FIG. 18. Quantum efficiency of inversion layer silicon photodiodes~UDT
standard UV 100 photodiodes! compared to the efficiency of typical fluo-
rescing coatings~after Ref. 64!.
7455Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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wafer having 1 cm2 active area. After thep1 channel stop
andn1 guard ring were formed by selective boron and pho
phorus diffusions, respectively, arsenic was predeposite
the active area of the device using a planar arsenic sou
The arsenosilicate glass formed during the predeposition
etched in 10% hydrofluoric acid and the final passivati
Si2O anti-reflection coating with a thickness of about 600
was grown in dry oxygen. A standard photolithographic p
cess was used to open windows at the desired locations in
diffused regions, and aluminum was vacuum evaporated
these windows for ohmic contacts.

Since UV radiation is absorbed in the first few hundr
nanometers of silicon, the doped diffusions were kept sh
low to minimize the possibility of recombination betwee
the oxide–silicon interface and the junction. Low
temperature dopant deposition and drive in were adopte
get a shallow junction, about 0.2mm. The carrier concentra
tion profiles of diffused photodiodes are shown in Fig. 19

It appears thatn-type impurities such as phosphorus a
arsenic tend to pile up in the silicon during the oxide grow
creating a built-in electric field near the oxide–silicon inte
face, which eliminates interface recombination.71,72So a high
minority carrier lifetime in the diffused region results i
100% internal quantum efficiency, which is shown in Fi
20. The increase in internal quantum efficiency below 3
nm is caused by impact ionization involving energetic ph
togenerated carriers, while the decrease in internal quan
efficiency above 600 nm is caused by the recombination
some of the minority carriers created in thep-type silicon
beyond the depletion region.

As possible causes of instability of quantum efficien
of silicon UV photodiodes, we can distinguish:67 unsatisfac-
tory silicon–oxide interfaces, latent recombination centers
the diffused layers, and moisture absorption by the dev
Meticulous care as described in Ref. 67 is necessary du
the fabrication of devices. A dry, clean oxide process dur
the growth of the final anti-reflection coating is essential
achieve stability against UV exposure. According to Kor

FIG. 19. Carrier concentration profiles of boron diffusion inp-on-n photo-
diodes, and of phosphorus diffusion inn-on-p photodiode~after Ref. 67!.
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and Geist the most important steps in obtaining a UV
enhanced photodiode are:67

~1! extremely high-purity chemicals for wafer cleaning,
~2! a clean oxide process, such as described by Botchek73

~3! special annealing procedure74 to prevent UV-induced
charge neutralization in the oxide, as well as to rend
the oxide–silicon interface less susceptible to UV radi
tion,

~4! careful procedure of deposition of ohmic contacts~by
electron-beam evaporation!.

N on p photodiodes are inherently more stable than th
commonly used boron-diffused devices based onn-type sili-
con. Boron migrates from the silicon surface into the oxid
during the final thermal oxidation step. The resulting acce
tor profile, which is depleted in the vicinity of the oxide–
silicon interface, creates a built-in electric field perpendicul
to the interface, directed toward the bulk. The resulting ele
tric field attracts the photogenerated minority carriers~elec-
trons! created in the diffused region towards the oxide
silicon interface, greatly enhancing the carrier loss due
interface recombination. The results of a long-term stabili
test ~baking for several months at 110 °C! shown in Fig. 21

FIG. 20. Internal quantum efficiency as a function of wavelength fo
phosphorus-diffused photodiode~after Ref. 67!.

FIG. 21. Change in spectral responsivity at 400 nm as a function of durat
of exposure to 110 °C~after Ref. 67!.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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indicate little or no change in responsivity of the phosph
ous diffused and inversion layer devices, while the boro
diffused devices fabricated using the standard process ex
ited a monotonic decrease in responsivity during t
prolonged baking.

Further improvement in the fabrication of Si UV photo
diodes has been achieved by reduction of the silicon diox
layer to a thickness between 40 and 80 Å.64,70 The thinner
oxide should lead to photodiodes with higher quantum e
ciency stability because of the smaller volume available
generation of electron-hole traps which are invariably cau
by the diode exposure to humidity and UV radiation. Produ
tion of the electron-hole traps in the passivating silicon
oxide layer is one of the major causes for quantum efficien
changes in silicon photodiodes. Figure 22 shows consid
able improvement of quantum efficiency in a short wav
length region for photodiodes with 46 Å of oxide layer. R
duction of the oxide thickness is limited by a critica
thickness below which device behavior is unacceptabl70

The performance of the 28 Å sample is seriously degrad
Not only is the efficiency of the 28 Å sample reduced, but
exposure stability is quite poor.

Improvements in the performance of Si UV photodiod
still require improved oxide formation techniques. Novel
UV photodetector structures are continuously designed
fabricated.75,76 Also the amorphous Si UVp- i -n photo-
diodes have been fabricated successfully.77,78 Enhancement
UV response of amorphous SiC/Si heterojunctions in
200–400 nm wavelength region has been achieved by u
high optical gapa-SiC:H as the front layer, by the reductio
of the front-layer thickness, and by using low-level pho
phorus doping in thei -a-Si:H layer.78

B. Si photodiodes for vacuum ultraviolet applications

Detectors for the vacuum ultraviolet~VUV ! region must
usually be operated in a clean, ultrahigh vacuum envir
ment, and must be free from interactive degradation in
presence of radiation. Further, they should possess a

FIG. 22. Measured quantum efficiency of Si photodiodes with 46 and 2
of oxide ~after Ref. 70!.
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background noise level to assist in the detection of a rel
tively weak source. Si photodiodes for VUV technology ar
typically made with a very thin passivating silicon dioxide
surface layer, as described previously.

The mean energy,w, required for electron-hole pair cre-
ation depends on the band gap of a semiconductor.79 For
example, experimental values forw are 3.61 for Si,80 4.2 for
GaAs,80 and 6.54 for GaP.81 If these pairs are created in the
depletion layer or if they diffuse into the space-charge re
gion, they are separated by the internal electric field givin
rise to an external photocurrent. Figure 23 shows that th
quantum efficiency of Si photodiodes nearly approaches t
predicted slope of 3.63 eV per electron hole created. The
types of photodiodes can also be optimized for the soft x-ra
region.82

One significant shortcoming of Si photodiodes for cer
tain VUV applications is the inherent broadband respons
extending from x rays to the near infrared. This broadban
characteristic is often undesirable in many applications. Th
addition of a thin film of a suitable filtering material to the
source of such a photodiode can accomplish the restriction
the sensitivity of the silicon to a much narrower band, o
bands, in the VUV.83

A schematic of the optically filtered photodiode is shown
in Fig. 24. The photodiodes were fabricated on 100-nm-dia
p silicon wafers that have ap-type epitaxial layer about 5
mm thick. Before the active area formation, a deepp-n junc-
tion, a p1 channel stop, and ann1 guard ring were created
by diffusion. The purpose of the side junction is to improve
the degree of discrimination against unfiltered radiation b
isolating carriers resulting from radiation entering the side
of the structure from the main detection circuit. The activ
area of 1 cm2 was produced by phosphorous/arsenic dopin
followed by the thermal growth of a 15-nm-passivating sur
face oxide layer. The front surface of the photodiode wa
coated with the filter materials. Useful bandpasses in th
VUV were selected: Al/C, Al/C/Sc, Ti, Sn, and Ag. The
filters have bandpasses ranging from 10 to 50 nm and a
commonly used in the region 0.1–80 nm.

8 Å

FIG. 23. Quantum efficiency of As- and P-doped photodiodes with oxid
thickness as indicated. The straight line represents the quantum efficiency
Si based on a value of 3.63 eV per electron-hole pair, not including refle
tion losses~after Ref. 70!.
7457Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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The spectral efficiency of the coated photodiodes
shown in Fig. 25. Also shown are the calculated photodio
efficiencies based on the conversion efficiency of silicon a
the transmittance of the thin-film coatings, including the 1
nm-thick passivating silicon oxide layer. It can be seen t
there is reasonable agreement between the resulting ca
lated values and the measured device efficiencies. Typ
dark current values measured before and after coatings w
about 100 fA. Noise variations of this current were about
order of magnitude less.

The photodiodes coated with appropriate filtering ma
rials may find applications in diverse VUV and EUV disc
plines, such as plasma diagnostics, solar physics, x-ray
thography, x-ray microscopy, and materials science, and
reduce the dependence on relatively fragile unsupported
tallic filters for spectral discrimination.

V. SCHOTTKY BARRIER ULTRAVIOLET
PHOTODIODES

In a Schottky barrier photodiode, a thin metal layer
deposited onto a semiconductor. The transmission thro

FIG. 24. Schematic of optically filtered VUV photodiode~after Ref. 83!.

FIG. 25. Measured~points! and calculated~curves! efficiencies of silicon
photodiodes coated with several VUV filtering materials~after Ref. 83!.
7458 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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the thin metal contact is relatively high, and thus a larg
fraction of the UV radiation is absorbed close to the meta
semiconductor interface where photogenerated carriers
efficiently collected by the depletion layer field. This give
the device an acceptable quantum efficiency, albeit low
than for the best photodiodes. Usually at shorter waveleng
the collection efficiency of the generated carriers decrea
for Schottky barriers. The responsivity also decreases.84

For many applications Schottky barrier photodiodes a
superior to other detectors. They are particularly promisin
as calibrated standard detectors, because they are relati
insensitive to surface contaminations, show a higher stabil
in intense UV radiation, and posses a quantum efficiency
to four orders of magnitude higher than that of photoemi
sive detectors in the VUV spectral range.

Schottky barrier UV detectors have been fabricated u
ing different semiconductors.85–91 A straightforward way to
make a highly selective~blindless! UV detector is to use a
wide band-gap semiconductor, e.g., ZnO86 or diamond.90,91

Semiconductor diamond is of considerable interest from
basic physics, as well as an engineering, point of view. T
high thermal conductivity, small dielectric constant~«'5.5!,
and large band-gap energy~Eg55.4 eV! combine to make
diamond an ideal candidate for many electronic and op
electronic applications, particularly for high-temperature o
eration. Unfortunately, these wide band-gap materials of
good enough quality are not readily available, and the app
priate technology is far from being mature. However, rece
progress in diamond thin-film technology is very promisin
for future applications.

Recently Zhaoet al.91 have reported photoresponse
characteristics of boron doped hot-filament chemical vap
deposition~HF-CVD! diamond based Schottky diodes usin
semitransparent Al contacts. The polycrystalline 7-8-mm-
thick diamond films were deposited onp-type ~100! silicon
substrates using hydrogen and methane as the reaction g
and acetone vapor as the carrier gas for the boron dop
~trimethyl borate!. The acetone was also an additional carbo
source. After surface chemical cleaning of samples, the c
cular Schottky contacts~with an area of 4.5 mm2! were fab-
ricated by thermal evaporation of semitransparent aluminu
contacts. However, these Schottky diodes were not sol
blind detectors. Figure 26 shows the spectral dependence
the quantum efficiency of the photodiode. The photorespon
of these diodes to visible and near UV radiation is attribute
to several mechanisms including photoelectronic emissi
between metal and semiconductor, extrinsic photoexcitati
of impurities, as well as crystal defects. Without correctio
for surface reflection, the quantum efficiencies were betwe
5% and 10% for unbiased diodes. When a reverse bias
over 1 V was applied, the quantum efficiency of 30% wa
obtained at 500 nm. The increase of quantum efficiency
caused by a broadening of the junction depletion region a
more efficient collection of photocarriers. The Schottky ba
rier height between Al andp-type polycrystalline diamond
was determined to be 1.15 eV. It appears that the barr
height of HF-CVD diamond Schottky diodes is controlled b
a high density of defect states, and hence is independen
the metal work function. The Schottky barrier is pinned ap
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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proximately 0.2Eg from the top of the valence band. The
origin of the pinning has not been identified, but is likely t
be due to damage introduced during growth.92

The conventional method to make a selective UV dete
tor is to combine a conventional broadband UV-enhanc
photodiode with a UV filter. An example of this kind of
combination is a Ag–GaAs Schottky photodiode with a th
silver contact.85 The UV selectivity of this detector is a resul
of the narrow transmission ‘‘window’’ of silver films near
the wavelength of 322 nm. A disadvantage of this approa
is a deterioration of the responsivity also in the UV region

Schottky barrier photodiodes have been mainly fab
cated for VUV applications. Investigations carried out b
Krumrey et al.87,88 indicate that GaAsP and GaP Schottk
photodiodes show remarkable stability and high quantum
ficiency. The stability measurements of the efficiency we
conducted with a monochromatic photon flux of;1010

photons/s into an area of 1 mm2 at a photon energy of 124
eV. Typical behavior of a silicon and GaAsP Schottky pho
todiode is shown in Fig. 27. In the case of silicon photod
ode, the quantum efficiency decreases from the initial val
of 27% by 0.25%/s. The decrease of efficiency shows sa
ration behavior, but even at 8% a further decrease of t
order of 0.01% is observed. In contradiction, the quantu
efficiency of GaAsP and GaP Schottky diodes~Hamamatsu
G1127-02 and G1963! is stable at least within 0.05%~which
is the uncertainty of the measurement! during an exposure of
more than 1 h. The electrical and optical properties of GaA
Schottky diodes in the spectral range below 6 eV have be
investigated in detail by Wilson and Lyall.89 The GaAsP
photodiodes can be used in the hole spectral region from
eV up to at least 3.5 keV~Fig. 28!. Near the visible region
the efficiency is comparable to that of photoemissive diode
but it is higher by three to four orders of magnitude in th
region above 1 keV.

VI. SiC ULTRAVIOLET DETECTORS

The inherent material properties of the 6H polytype o
SiC are very attractive for UV applications. In compariso
with Si ~see Table IV!, SiC is characterized by a highe

FIG. 26. Quantum efficiency vs wavelength for AJ-HFCVD diamon
Schottky diodes without the correction of reflection~after Ref. 91!.
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breakdown field that permits much smaller drift regions~i.e.,
much lower drift region resistances!, a higher thermal con
ductivity that enables superior heat dissipation, and a w
band-gap energy~2.9 eV! that permits higher junction oper
ating temperature. Due to the fact that reproducible silic
carbide wafers and epilayers were unavailable before 1
SiC carbide device fabrication technology is relatively i
mature compared to silicon device fabrication technology

A. P-n junction photodiodes

The earlier published research on 6H–SiC UV pho
diodes utilized diffusion of Al inton-type substrates.93 The
diffusion process at temperatures of about 2000 °C led

d

FIG. 27. Stability of three different semiconductor photodiodes when i
diated with 1010 photons/~s mm2! at 124 eV~after Ref. 87!.

FIG. 28. Quantum efficiency of a GaAsP Schottky diode, determined
different monochromators by comparison with photoemissive detectors.
quantum efficiency of the photoemissive reference diodes are also s
~after Ref. 87!.
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structural decomposition of surface layers. This process
sulted in high-leakage devices with low quantum efficienc

Glassowet al.94 improved upon this initial design by
utilizing N implantation to form a very shallow~0.05 mm!
n1-p junction in a 5-mm-p-type epitaxial layer grown on a
p-type substrate. The successive steps of the manufactu
process of a planar photodiode are shown in Fig. 29. Furn
annealing and rapid isothermal annealing~RIA! were em-
ployed to activate the implanted nitrogen.I –V characteris-
tics and spectral quantum efficiency were investigated in
temperature range from 296 to 826 K and 295 to 676
respectively. This study resulted in devices with a maximu
quantum efficiency of 75%~with an anti-reflection coating!
at a peak wavelength of 280 nm at room temperature. T
scatter of the maximum value of the quantum efficiency w
explained by differing surface recombination velocitie
which were caused by differing surface qualities. Th
reverse-bias dark-current density was excessive, on the o
of 1025 A/cm2 at 210 V and room temperature. Probably
contact sintering at high temperatures could induce diffusi
of the contact metal through crystalline defects in thinn1

layer and thereby increase diode leakage current.
Figure 30 shows a mesa SiC photodiode structure fab

cated from commercial 6H–SiC wafers, 1 in. in diameter,
which a p-n junction was grown epitaxially.95 A heavily
N-dopedn-type epitaxial layer of 0.2 or 0.3mm thick was
utilized to form ann1-p junction. The concentrations of
impurities was 5–831017 cm23 in p-type epitaxial layers,
and 5–1031018 cm23 in n1 cap layer. The device mesa wa
patterned and etched using reactive ion etching~RIE! and an
NF2O2 gas mixture. Device passivation was accomplished
growing a thin~0.05mm! layer of SiO2. The contact to the
top n1 layer was Ni sintered in Ar at temperatures betwe
900 and 1000 °C. Optical responsivity with a peak at abo

FIG. 29. SiC UV photodiode processing steps~after Ref. 94!.
7460 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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270 nm between 150 and 175 mA/W with a quantum e
ciency of about 70%–85% was measured. As the detec
wavelength is decreased, a larger proportion of the abs
tion occurs near the semiconductor surface and surface
combination becomes more important. By thinning the t
n1 layer outside of the mesa contact~see Fig. 30!, a respon-
sivity of 50 mA/W was achieved at 200 nm. The diffusio
length of electrons in thep-type layer was varied betwee
1.4 and 2.2mm, and was smaller than the estimate of 3mm
given in Ref. 94. This diffusion length determination do
not depend on any assumptions about carrier lifetime
mobility as was made by Glassowet al.94

Edmond and co-workers96 have demonstrated a consid
erable improvement of 6H–SiC UV photodiode quality ov
previous efforts.93–95Wafers ofn- andp-type 6H–SiC hav-
ing a diameter of 25.4 mm with typical resistivities in th
range of 0.02–0.04 and 1–10V cm, respectively, were use
as substrates for epitaxial growth. An epitaxial junction w
produced by first growing a predominantly Al-dopedp-type
layer followed by a predominantly N-dopedn-type layer on
a p-type substrate. The doping in the background layer w
controlled between~1–5!31016 cm23 with a thickness of;3
mm. Then-type layer was heavily doped to;1019 cm23. All
devices were fabricated using a mesa geometry. The ju
tions were passivated with thermally grown SiO2. Ohmic
contact materials for thep-type side andn-type side were
sintered Al and Ni, respectively.

Figure 31~a! shows the reverse-bias dark current vers
voltage as a function of temperature for a UV photodio
with square active junction with an area of 0.04 cm2. The
photodiode has demonstrated extremely small dark curre
as little as 10211 A at 21 V at 473 K. At the highest voltage
measured,210 V, the dark current density increased fro
;1029 to ;331028 A/cm2 when increasing the tempera
tures from 473 to 623 K. Figure 31~b! shows the dark curren
density at210 V as a function of temperature together wi
previously reported data for comparison purposes. As sho
the devices reported by Edmond and co-workers96 exhibit
orders of magnitude lower leakage current than any ot
published data in 6H–SiC. The forwardI –V characteristics
correspond to theb values ranging from 1.5 to 2 which in
dicate both diffusion and generation–recombination p
cesses.

The same devices exhibited near unity peak respons
ties between 268 and 299 nm in temperature range betw

FIG. 30. SiC photodiode cross section~after Ref. 95!.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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FIG. 31. Dark current density vs~a! reverse voltage and~b! inverse temperature for 6H–SiC photodiodes~after Ref. 96!.
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223 and 623 K~see Fig. 32!. The responsivity of the photo-
diode at a higher temperature shifts to longer waveleng
because of band gap narrowing. The indirect band gap
creases from;3.03 eV at 223 K to;2.88 eV at 623 K,
corresponding to a rate of 3.831024 eV/K.94

Recently, Hirabayashiet al.97 have fabricatedp-n junc-
tion 3C–SiC photodiodes by atmospheric chemical vap
deposition. However, these photodiodes were inferior
comparison with those previously described. The maximu
value of responsivity was 72 mA/W at 250 nm and the qua
tum efficiency was 36%~cubic SiC energy gap is 2.2 eV a
room temperature!.

Finally, it should be noticed that to produce large ar
and low-cost UV detectors an innovative family of device
fabricated of hydrogenated amorphous SiC/Si heteroju
tions have been described.98,99

B. Schottky barrier photodiodes

Schottky barrier 6H–SiC photodiodes are of interest f
many applications because of their relatively simple fabric

FIG. 32. Temperature-dependent responsivity of a SiC photodiode. T
temperatures tested were:~h! 223 K. ~l! 300 K, ~s! 498 K, and~j! 623
K ~after Ref. 96!.
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tion process compared top-n photodiodes. Frojdh
et al.100,101 have fabricated finger shaped Schottky phot
diodes by evaporating Ti on substrates with differentn-type
andp-type doping levels. The starting material was 6H–Si
wafers with an epitaxial layer. The doping of the epitaxia
layers is specified in Table V. Prior to processing the wafe
were degreased by subsequent dipping in trichloroethyle
acetone, and 2-propanol and finally dipped in hydrogen flu
ride ~HF!. Next, a pattern with a number of shaped openin
was formed on the wafer with finger widths in the range 1–
mm. Each diode is surrounded by an opening with a width
10 mm ~see Fig. 33.! Four different photodiode areas were
used: 1003100 mm, 75375 mm, 50350 mm, and 25325
mm.

As a barrier, titanium with resulting layer thickness 20
nm was evaporated on the wafers using an electron g
evaporator. A standard lift-off procedure was used to remo
excess metal. A back contact was made by evaporation
500 nm of Al on the backside of the wafer~see Fig. 34.!

Most of the Schottky barriers showed good rectifyin
behavior with an ideality factor generally below 1.2. Th
best results were obtained for diodes on thep-type material
for which the reverse leakage current at210 V was below 1
pA and for a reverse voltage of up to270 V the leakage
current remained below 500 pA. Also, results of spectr
responsivity measurements indicate that thep-type material
has the highest sensitivity~see Fig. 33!. Sample N1 shows
very low responsivity which can be explained by the shallo
epitaxial layer. The low response at short wavelengths can
explained by the influence of surface recombination.

Generally, thep-type material shows a much higher pho
toresponse than then-type material. This can be explained
by two effects:

~1! the built-in voltage in thep-type material is much higher
~about factor of 2! than the built-in voltage in then-type
material,

~2! the diffusion length for electrons is much larger than th
diffusion length for holes.

he
7461Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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TABLE V. Characteristics of 6H–SiC Schottky barrier photodiodes fabricated with different materials~after
Ref. 100!.

Sample Sample characterization Nd ,Na ~cm23!
Fb ~eV!
C–V

Fb ~eV!
I –V b

I rev
at 210 V

N1 n-type, t51.6mm,
no visible defects

7.531015 0.98 0.97 1.08 ,10 pA

N2 n-type, t'10 mm 2.931016 0.89 0.92 1.14 0.4 nA
N3 n-type, t'5 mm 2.731012 0.94 0.79 1.23 0.5 mA
N4 n-type, t'5 mm,

high density of pinholes
1.031017 0.94 0.84 1.17 18mA

P1 p-type, t'10 mm 1.631015 2.43 1.94 1.03 ,1 pA
s
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The second reason also explains the larger photorespon
p-type material at long wavelengths~see Fig. 35!.

The better results forn-type 6H–SiC Schottky barriers
have been obtained by Anikinet al.102The Au–SiC Schottky
barriers were formed on the surface ofn-type epitaxial layers
with uncompensated donor concentration~5–10!31016

cm23, grown by an open sublimation method onn-type 6H–
SiC substrates oriented along the~0001! Si plane. Front
semitransparent contacts were made by vacuum depos
of a thin Au layer. Before evaporation of the barrier conta
a crystal of SiC was etched in molten KOH, washed in d
ionized water and in organic solvents, and finally anneal
in a vacuum at 500 °C.103 The height of the potential barrie
was 1.4–1.63 eV, depending on the structure. The struct
with an area 331023 cm2 showed low leakage currents
;10210 A, up to a breakdown voltage of 100–170 V at roo
temperature, and could be operated up to 573 K where
leakage current rose to;1028 A. The monochromatic re-
sponsivity in the best samples at wavelength of 215 n
reached 0.15 A/W, which corresponds to the quantum e
ciency of 80%.

It is expected that the best quality 6H–SiC UV detecto
should be fabricated usingp-n junctions.104,105A consider-
ably good progress in fabrication ofp-n junction using
chemical vapor deposition has been recently observed.
devices displayed excellent rectification characteristics at
evated temperatures as well as avalanche breakdown
ages of 2000 V at room temperature.

FIG. 33. The finger area of a photodiode.
l. Phys., Vol. 79, No. 10, 15 May 1996
e of

tion
ct
e-
ng

res
,

the

m,
ffi-

rs

The
el-
olt-

VII. III–V NITRIDES AS A MATERIALS FOR
ULTRAVIOLET DETECTORS

The III–V nitrides are the next group of wide gap semi
conductors which are very promising for device application
in the UV wavelengths in much the same manner that the
highly successful As-based and P-based cousins have b
exploited in the infrared, red, and green wavelengths. Un
now, efforts to develop semiconductor device technology
the UV spectral region have been far unsuccessful. T
III–V nitrides are excellent materials to cover importan
technologically band, which occurs in the 240–280 nm rang
~;4.75 eV!, where absorption by ozone makes the earth
atmosphere nearly opaque. Space communications in t
band would be secure from earth, although vulnerable
satellite surveillance. On the earth, shielded by the sun’s r
diation, imaging arrays operating in this band would provid
extremely sensitive surveillance of objects coming up out o
the atmosphere. Due to their wide band gap, the III–V n
trides are expected to exhibit superior radiation hardne
characteristics compared to Si. GaN is by far the best-studi
III–V nitride semiconductor.

The main obstacle in the development of the nitride UV
photodetectors was significant difficulties in obtaining high
quality material. GaN has highn-type background carrier
concentration resulting from native defects commonl
thought to be nitrogen vacancies. In films having relativel
small background electron concentrations,p-type doping is
difficult to achieve. In the past several years much progre
was made in developing modern epitaxial growth techniqu
and in understanding the properties of this material. Th
room temperature background electron concentration of Ga
films has been considerably reduced andp-type material has

FIG. 34. Cross section of 6H–SiC Schottky barrier photodiode~after Ref.
100!.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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been reported.106,107 At present the metal-organic chemic
vapor deposition~MOCVD! grown GaN layers with the AlN
buffer layer haven-type conductivity with an electron con
centration of about 1015 cm23 at room temperature and th
electron mobility of about 500 cm2/V s Mg-dopedp-type
layers have hole concentrations above 1012 cm23 and hole
mobilities of 10–50 cm2 V s at room temperature.108,109

A number of reviews concerning III–V nitrides hav
been published. Morkocet al.57–59,110and Davis111 recently
published several reviews which present a comprehen
history of the developments in the III–V nitrides, grow
techniques, structural, optical, and electrical properties. A
the present-day achievements and future prospects in di
ent devices structures are described.

FIG. 35. Spectral responsivity of 6H–SiC Schottky barrier photodiodes~af-
ter Ref. 100!.
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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In this chapter, after a brief review of the physical pro
erties of mainly GaN, we focus on the achievements
future prospects of III–V nitrides as the materials for fab
cation of different types of UV detectors.

A. Physical properties

GaN normally crystallizes in the wurtzite crystal stru
ture, although researchers have known for some time
GaN also has a zinc blende polytype. Table VI lists
known properties of wurtzite GaN.

Control of the electrical properties is still one of th
greatest challenges facing nitride researchers. Using
proved crystal-growth techniques, researchers in sev
leading laboratories have succeeded in reducing the b
ground electron concentration to 1015 cm23. Nakamura
et al.112 have reported the highest GaN bulk electron mo
ity of 600 and 1500 cm2/V s at 300 and 77 K, respectively, i
an unintentionally doped sample having carrier concentra
431016 cm23. Theoretical modeling of Chinet al.113 carried
out for T577 and 300 K demonstrates that the carrier c
centration dependence of Hall and drift mobilities~important
for device modeling! is a significant function of the compen
sation ratios. These calculated results@see Fig. 36~a!# agree
well with available experiments only for high compensati
ratio. Piezoelectric acoustic phonon scattering and ioni
impurity scattering are the two dominant scattering mec
nisms at temperaturesT<200 K, and the polar optical pho
non scattering is the most significant scattering at temp
tures T>200 K. It has also been found that electr
mobilities in GaN correlated well with those calculated
Monte Carlo stimulations. Joshii114 using this method has
TABLE VI. Properties of wurtzite GaN, AlN, and InN~after Ref. 57!.

Parameter GaN AlN InN

Band-gap energy~eV! 3.39 ~300 K! 6.2 ~300 K! 1.89 ~300 K!
3.50 ~1.6 K! 6.28 ~5 K!

Band-gap temperature coefficient~eV/K! 26.031014 21.831024

~for T.180 K!
Band-gap pressure coefficient~eV/kbar! 4.231023

~T5300 K!
Lattice constant~nm! a50.3189 a50.3112 a50.3548

~T5300 K! c50.5185 c50.4982 c50.5760
Coefficient of thermal expansion~K21! Da/a55.5931026 Da/a54.231026

~T5300 K! Dc/c53.1731026 Dc/c55.331026

Thermal conductivity~W/cmK! 1.3 2
Electron mobility~cm2/V s! 900

~T5300 K!
Hole mobility cm2/V s 150?

~T5300 K!
Index of refraction 2.33~1 eV! 2.15 2.85–3.05

2.67 ~3.38 eV!
Dielectric constant e059.5 e058.5

e`55.35 e`54.68
Saturation electron drift velocity~107 cm/s! 2.7 2
Electron effective mass 0.20 0.11
Phonon modes~cm21! A1~TO!5532 TO5667 TO5478

~T5300 K! E1~TO!5560 E25665 LO5694
E25144, 569 LO5910
A1~LO!5710
E1~TO!5741
7463Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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obtained good agreement with experimental data115 when
space-charge scattering was taken into account@see Fig.
36~b!#.

One of the long-standing problems in GaN research
been the search for a shallowp-type dopant. Most potentia
dopants have been observed to compensate GaN, produ
highly resistive material.P-type conduction in Mg-doped
GaN has been realized for the first time by low-energy el
tron beam irradiation~LEEBI! treatment116 of metal-organic
vapor phase epitaxy~MOVPE!-grown Mg-doped films. Later
on, Nakamuraet al.117 achieved thep-type conduction in
GaN by thermal annealing of the MOCVD-grown Mg-dope
films, more recently;p-type GaN has been obtained b
plasma-enhanced molecular beam epitaxy~MBE! without
the need for a postannealing procedure.118,119These results
support the findings and suggestions of Nakamuraet al.106

that acceptor H neutral complexes are formed in the M
doped GaN during CVD as a result of the H2 carrier gas and
diluent during the growth. These complexes, in turn, effe
tively reduce the number of acceptor states which could
occupied by electrons from the valence band and result
compensated material. A decrease of H-atom concentra
was observed after the thermal treatment in Ar gas, supp

FIG. 36. The electron mobility in GaN:~a! the electron drift~solid curves!
and Hall~dashed curves! mobility at 300 K as a function of carrier concen
tration with compensation ratios 0.00, 0.15, 0.30, 0.45, 0.60, 0.75, and 0
the experimental data are taken from different articles~after Ref. 113!; ~b!
comparison of Monte Carlo results with experimental mobility data for bu
n-type GaN. Ref. 115. The solid curves were obtained by-using three
ferent internal potential variations~after Ref. 114!.
7464 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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ing the hypothesis that H-atom extraction plays an importa
role in obtaining low-resistivityp-type conduction.107 The
use of gas source MBE, in which the only H is derived from
the background, permits the direct deposition ofp-type ma-
terial without the need for postdeposition processing. Figu
37 shows the relationship between room-temperature h
concentration and mobility in GaN films grown by various
groups using both MOVPE and MBE. The circles corre
spond to the Mg-doped samples, and the squares to wha
perceived to be unintentionally doped C samples. While th
Mg-doped layers needed activation by the N2 heat treatment,
or by a low-energy beam irradiation, the C-doped laye
needed none. A statistical averaging suggests that the h
mobility decreases in general with increasing carrier conce
tration.

Recently, Rubin and co-workers121 have succeeded in
makingp-type GaN using MBE assisted by a direct nitroge
ion beam together with a variety of doping techniques us
in conventional integrated circuit processing~ion implanta-
tion, diffusion, and coevaporation of Mg!. The undoped films
had hole concentrations of 531011 cm23 and hole mobilities
of over 400 cm2/V s at 250 K. From the slope of the carrier
concentration versus temperature shown in Fig. 38~a!, an ac-
tivation energy of 0.29 eV is obtained. The strong temper
ture dependence of the mobility@see Fig. 38~b!# indicates the
dominant contribution of a phonon scattering mechanism.

A conversion of unintentionally dopedn-type GaN lay-
ers top-type material was performed by the diffusion pro
cess of Mg in a sealed ampoule for 80 h at atmospheric2
pressures at 800 °C. After this, Hall measurements indicat
a hole concentration of 231016 cm23 and a mobility of 12
cm2/V s.

P-type inversion conductivity has also been obtained a
ter Mg implantation with large doses~231014 cm2!. How-
ever, high-energy implants~80–100 keV! introduced strain
and defects into GaN films, and even after annealing
800 °C for 30 min in N2, the x-ray peaks did not return to
their initial positions. Films implanted with Mg ions at lower
energies~40–60 keV! recovered their original lattice param-

-
.90,

lk
dif-

FIG. 37. The 300 K Hall mobility vs hole concentration for GaN from
various groups using both QMVPE and MBE, the solid squares are f
C-doped samples and the solid circles are for Mg-doped samples~after Ref.
120!,
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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eter after annealing at 800 °C and hot-point probe tests c
firmed that these lower energy implants producedp-type
conduction.

For selective area doping or isolation of GaN samp
the use of ion implantation is a critical requirement for a
vancement of device technology. Peartonet al.122 have re-
ported achievement of bothn- and p-type GaN using Si1

and Mg11P1 implantation, respectively, and also the cr
ation of semi-insulating~>53109 V/h! regions in initially
n- andp-type material using multiple energy N1 implanta-
tion and subsequent annealing.

Recently Wilsonet al.123 have reported results of mea
surements of depth profiles and stability against redistri
tion with annealing up to 800 or 900 °C, for implanted B
Cl, Mg, Si, S, Zn, Ge, and Se as dopants in GaN. They fo
excellent thermal stability for acceptors~Be, Mg, Zn, and C!
and for group IV donors~Si and Ge! for temperatures up to
900 °C. In the case of the group VI donors, S redistribute
600 °C, and Se at 800 °C. It means also that diffusion
most elements into GaN from an external source does
appear to be a feasible approach for doping GaN sampl

In spite of achievements in the fabrication of GaN m
terial, this material is still far from ideal.p-type andn-type
samples exhibit photoconductivity responses at photon e
gies far below the band-gap energy.124 It may be largely
related to the deep tail states created by the high gro
temperature, the large stress arising from the lattice m

FIG. 38. Hall carrier concentration~a! and Hall mobility~b! vs temperature
for undopedp-type GaN~after Ref. 121!.
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match to the substrate, impurity incorporation, and impuri
compensation. Understanding their origin in order to elim
nate the defect states will be an important endeavor in t
near future for device development based on GaN films.

B. Ohmic contacts to GaN

Early results for GaN indicate that ohmic contacts ca
easily be formed to bothn- and p-type material. The most
popular contacts for many years for Hall measurements
soldered ln contacts. The first investigation of GaN contac
was carried out by Foresi and Moustakas.125 The Au and Al
contacts were deposited on then-type GaN layers by thermal
evaporation and patterned using photolithography and lifto
techniques. Current–voltage characteristics show that the
deposited Al contacts are ohmic while the as-deposited
contacts are rectifying and form Schottky barriers. The
Schottky barriers are leaky due to tunneling effects arisi
from the high carrier concentration of the films and the po
sible existence of an interfacial native oxide layer. The A
contacts become ohmic after annealing at 575 °C for 10 m
a result attributed to gold diffusion in GaN. Measurements
the contact resistivities of Al and Au annealed contacts ga
values in the range of 1027 –1028 V m2.

For most of the important semiconductors, including S
and GaAs, the dependence of the metal barrier height on
work function difference has not been observed due to t
existence of surface states which pin the Fermi level at t
interface. Figure 39 shows the dependence of the barr
height on the work function difference correlated to the ion
icity of the semiconductor by Kurtinet al.126 In this Fig. 39,
the vertical axis is a parameterS which is defined as the
change in barrier height over the change in metal work fun
tion (S5dFb/xm) and the horizontal axis is the electrone
gativity difference between the components of a compou
which is a measure of the compound’s ionicity. The ele
tronegativity difference for GaN is 1.87 eV.127 This puts

FIG. 39. Dependence ofS5dFb/xm ~change in barrier height over the
change in metal work function! on the electronegativity difference between
the components of the compound~after Ref. 126!.
7465Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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GaN above the knee of the curve in Fig. 39 implying th
Schottky barriers on GaN should have barrier heights wh
depend directly on the work function difference between
metal and GaN. It indicates that the surface Fermi energ
unpinned which greatly reduces the complication of creat
ohmic contacts to GaN as it is only necessary to determ
metals with appropriate work functions.

The work function of GaN has been measured to be
eV.128 Therefore, any metal with a work function equal o
lower than that of GaN should form an ohmic contact
n-type material, and any metal with a higher work functio
should form a rectifying contact ton-type GaN. The work
function of Al is 4.08 eV129putting Al in the ohmic category.
In the case of Au, the work function is 4.82 eV which pu
Au in the rectifying category. The above theoretical pred
tions have been confirmed by the experimental results
Foresi and Moustakas.125

Theoretical predictions indicate that Al can form ohm
contacts ton-type and Au can form ohmic contacts top-type
GaN. Au as a contact to GaN requires a thin interlayer~Ti or
Cr! to prevent a diffusion of Au in the GaN.

Lin et al.130 have reported the results of an ohmic co
tact ton-GaN ~;1017 cm23! study of four separate metalli
zation schemes: Au, Al, Ti/Au, and Ti/Al. The metal laye
were deposited via e-beam evaporation. Bilayer conta
consisted of a 20 nm Ti layer deposited directly on Ga
followed by a 100 nm capping layer of Au or Al. Prior t
annealing only the Ti/Al contact exhibited near linear I–
characteristics. The other contacts exhibited nonlinear I
characteristics even for small currents. It is probably due
the formation of rectifying Schottky contacts. Then differe
annealing procedures were used to improve contact cha
teristics: annealing at 500 °C in N2 ambient; further anneal-
ing using the rapid thermal annealing~RTA! method at 700
°C for 20 s. Two samples, Al/Ti and Au/Ti were furthe
annealed to 900 °C for 30 s. Device quality ohmic conta
with contact resistivity values of 831026 V cm2 have been
obtained when Ti/Al contacts were annealed at 900 °C for
s. The nature of reactions responsible for the low resista
contacts has not been well clarified. The most likely mec
nism for the low contact resistance is solid-phase epitaxy
TiN2 via N outdiffusion. In this case the surface GaN wou
be highly n-type due to the preponderance of N vacanc
and effective tunneling through a surface layer is possibl

A novel scheme of nonalloyed ohmic contacts on G
using a short-period superlattice composed of GaN and
row band-gap InN, sandwiched between the GaN chan
and an InN cap layer, has been demonstrated by Linet al.131

A contact resistance as low as 631025 V cm2 with GaN
doped at about 531018 cm23 has been obtained without an
postannealing.

C. Etching of III–V nitrides

GaN is characterized by its exceptional stability at hi
temperatures and under chemical attack. GaN is insolubl
H2O acids or bases at room temperature, but dissolves in
alkali solutions at very low rate.57 Low quality material has
been observed to etch at reasonably high rates in Na
H2SO4, and H3PO4. These etches are useful for identifyin
7466 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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defects and estimating their densities in GaN layers. A r
cently published article stated that good quality GaN film
etch slowly in 30%–50% NaOH/H2O solutions~rate of;2
nm/min! while HF, H3PO4, and HNO3/HCl mixtures are in-
effective in producing any etching.132 This chemical stability
provides a challenge of GaN processing when conventio
integrated circuit processing techniques are used. Smoo
controlled dry etching is necessary for fabrication of sma
geometry devices in a reproducible fashion. It means th
etch rates must be achieved at a low dc bias where io
induced damage is minimized.

In the last two years considerable progress in the exp
ration of different methods for RIE of III–V nitrides has
been observed.132–143An attractive approach to this is the use
of electron cyclotron resonance~ECR! discharges which pro-
duce high ion densities~>531011 cm23! at low pressure
with ion energies below the displacement damage thresh
for III–V materials ~i.e.,<25 eV!.136

Adesidaet al.134 reported a RIE of GaN in silicon tetra-
chloride plasmas~SiCl4, 1:1 SiCl4:Ar, and 1:1/SiCl4 SiE4! in
the pressure range between 20 and 80 m Torr. For all g
mixtures, each rate increased monotically with increasi
plasma self-bias voltage exceeding 50 nm/min at 400 V. T
slight overcut in the profiles was attributed to the significa
physical component in the etching process. A wet etch
dilute HF was needed to clear the Si~in the form of SiO4!
embedded in the surface of GaN.

Based on an analogy to other III–V semiconductors, o
would expect Cl-biased discharge chemistries to be use
for GaN and AlN because the III chlorides are volatile, an
the addition of H2 should remove the nitrogen as NH3 Cl-
based etches have worked well on GaN using ECR d
charges of CH4/H2, Cl2/H2 and BCl3/Ar, while the addition
of F to the discharges dramatically reduces the etch rate
AlN, what can be used for selecting etching of AlN. Film
;200 nm thick were lithographically patterned with Hun
1182 photoresist to give openings of 1–100mm in various
shapes. Controlled rates of;20 nm/min were obtained at
moderate dc biases~<2200 V!, low pressure~1 mm Torr!,
and low microwave power~200 W!. Higher etch rates of
;70 nm/min at2150 V and 1 m Torr for high microwave
powers ~1000 W! have been obtained by Peartonet al.136

with the Cl2/H2 chemistry. In this case a lithographic mask
AZ 1350J photoresist, was spun onto the samples. The s
face of III–V nitrides remain stoichiometric without requir-
ing a wet-etch cleanup. A success in RIE of GaN has al
been achieved with BCl3-etch rate 8.6 A/s which was ob-
tained for a plasma power of 200 W and pressure of 1
m Torr.135

Alternative chemistries which have been proven adva
tageous in improving etch rates or selectivities in variou
applications include those based the group III etch produ
in iodine plasmas. A comparison of etch rates of GaN, AlN
and InN in HI/H2 high ion density~;531011 cm23! plasma
with results obtained from chlorine-based chemistries ind
cates that a HI/H2/Ar plasma chemistry produces slightly
faster etch rates for GaN and AlN than comparable Cl2-based
mixtures, while the rates for InN are significantly
improved.139By contrast, HBr/H2/Ar yields slower etch rates
Appl. Phys. Rev.: M. Razeghi and A. Rogalski



b

d

p

h

65
he
ed

of
e

-
is
ed
0
cy
y/

d

up
ur-
e-
ther
ap/
c-

s
re-
re-
een
be
th

N
ee
ee
the
ess
es
he
a-

ci-
than the chlorine chemistries for all three binary band g
nitrides. Both types of chemistries produce smooth
highly anisotropic etched features. RIE of GaN usi
CHF3/Ar and C2CIF5/Ar chemistries has also bee
reported.143 The etch rates which varied between 60 and 4
Å/min, were found to increase linearly with rf plasma pow
and to decrease with chamber pressure.

Recently, Peartonet al.138,140,141 have studied the
Ar1-ion milling characteristics of III–V nitrides. It appear
that the surface morphologies of all nitrides~GaN, InN, AlN,
and InGaN! remain smooth after ion milling at 500 eV an
there is no preferential sputtering of the nitrogen. The
milling rate for the nitrides are less than those of mask
materials such as SiO2, SiNx , and photoresist, so this tech
nique is useful only for shallow-mesa applications. Dry etc
ing methods involving an additional chemical component
more practical alternatives for device patterning, e.g., the
of an Ar ion beam and HCl gas in the chemically assisted
beam etching of GaN may be suitable for the fabrication
laser facets and mirrors.142

D. AlGaN ultraviolet detectors

1. Photoconductive detectors

Development of high quality III–V nitride semiconduc
tor layers in the last several years has resulted in the fa
cation of a new generation of UV detectors. Due to this ea
stage of development only a few articles concerning UV
tectors have been published.109,144–153

The first high quality GaN photoconductive detecto
~using insulating material! were fabricated by Khanet al.144

The active region of detector was a 0.8-mm-thick epitaxial
layer of insulating GaN deposited over a 0.1-mm-thick AlN
buffer layer using metal-organic chemical vapor deposit
over basal-plane sapphire substrates. Interdigitated, ele
cal, 5000-Å-thick gold contacts were fabricated on the e
ayers for the photoconductive response measurements.
interdigitated electrodes were 3mm wide, 1 mm long, and
had a 10mm spacing. To define the electrode pattern, a st
dard photolithographic procedure and a lift-off techniq
were used.

Figure 40 shows the spectral responsivity of GaN p

FIG. 40. Normalized spectral responsivity for a GaN photoconductive
tectorn~after Ref. 144!,
J. Appl. Phys., Vol. 79, No. 10, 15 May 1996
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toconductive detectors. It reaches its maximum value at 3
nm and then remains nearly constant down to 200 nm. T
peak responsivity is about 1000 A/W, and the estimat
gain/quantum efficiency product for the detectors is 4.83103.
The response of GaN detectors is linear over five orders
incident radiation power, which is shown in Fig. 41. Th
detector response time is about 1 ms.

The performance ofn-type GaN photoconductive detec
tors made from films grown by molecular beam epitaxy
inferior.151 The following parameters have been measur
for interdigitated device with Ti/Al ohmic contacts and 2
mm inter-electrode spacing: the gain/quantum efficien
product of 600 at 254 nm and at a bias of 25 V, the mobilit
lifetime product of 9.531025 cm2/V and current responsivity
of 125 A/W at 254 nm.

The responsivity ofp-type GaN:Mg layers on Si sub-
strate is lower in comparison with insulating layers, an
achieved a maximum value of 30 A/W at 14 V bias.149 The
responsivity increases nearly linearly with applied voltage
to 8 V, then the increase slows toward saturation. Photoc
rent decay for a pulsed input shows a hyperbolic type r
sponse. It is hypothesized that holes are captured at ei
compensated Mg deep acceptor sites or Mg-related tr
recombination centers, resulting in a greatly prolonged ele
tron free carrier lifetime.

Recently Kunget al.150 have studied the kinetics of the
photoconductivity ofn-type GaN photoconductive detector
by the measurements of the frequency dependent photo
sponse and photoconductivity decay. Strongly sub-linear
sponse and excitation-dependent response time have b
observed even at relatively low excitation levels. This can
attributed to the redistribution of the charge carriers wi
increased excitation level.

Figure 42 shows the voltage responsivity of the Ga
detector as a function of the modulation frequency for thr
different excitation power densities. From Fig. 42 we can s
that the responsivity remains frequency dependent over
whole range of frequencies applied. This dependence is l
pronounced for higher excitation levels. At high frequenci
when the period of radiation power oscillations exceeds t
lifetime, the frequency response curves for different excit

de-FIG. 41. GaN photoconductive detector responsivity as a function of in
dent power under 254 nm excitation~after Ref. 144!,
7467Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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tion level tends to have the same frequency dependence.
is because at high frequencies the photogenerated ex
concentration becomes dependent only on the excitation
riod rather than the lifetime of the majority carrier lifetim
A consequence of the redistribution of the charge carr
with increased excitation level is the decreasing of the p
toconductive gain with increasing in UV intensity, which h
been recently observed by Goldenberget al.153 ~see Fig. 43!.

The observed kinetics of photoresponse have impor
consequences for practical applications. The measured
times are too long for many applications resulting in t
frequency dependent responsivity and nonlinear respo
This can be changed in a number of ways including delib
ate introduction of recombination centers to stabilize
sponse time at a required level and by reducing the lifet
in short photoconductors using contact phenomena. Fur
work is necessary to understand the origin and propertie
the deep centers in GaN.

2. Photovoltaic detectors

The first Schottky GaN barriers were reported over
years ago.154 However, due to a fabrication procedure th

FIG. 42. GaN detector responsivity as a function of chopping frequency
three different excitation power densities of the He–Cd laser light~325 nm!.
The solid line shows the fit to conventional dependence
Rv5Rvo~114p2f 2t2)1/2 ~after Ref. 150!.

FIG. 43. The variation of photoconductive gain of GaN detector with int
sity of light at 350 nm~after Ref. 153!.
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was not well controlled, an anomalous behavior of electri
properties of these Zn/GaN Schottky barriers has been
served.

More recently, Khanet al.145 have reported the fabrica
tion and characterization of Schottky barrier photodiodes
p-type GaN layers. As-grown 2-mm-thick material~grown
over basal plane sapphire using MOCVD! was ann-type
conductivity with residual carrier concentration of 1017 cm23

and a room-temperature mobility of about 400 cm2/V s. Post-
growth, p-type conductivity was enhanced using a 20 m
650 °C N2 ambient anneal. After this process, the hole co
centration was about 731017 cm23. Subsequent to growth
doughnut-shaped Cr/Au~2000 Å thick! ohmic contacts were
deposited using standard photolithographic techniques.
ure 44 shows the resulting device configuration. The ins
diameters for the doughnuts were ranged from 200mm to 1
mm. For improving the contact resistivities, the ohmic co
tacts were annealed in flowing forming gas at 350 Å for
min. As a Schottky barrier 1500-Å-thick Ti/Au metals wer
deposited. The estimated responsivity of these Schottky
riers was 0.13 A/W at wavelength 320 nm for a normaliz
area of 1 mm2. The spectral responsivity is shown in Fig. 4
The response time of detectors is limited by the resista
capacitance (RC) time constant of the measured circuit an
was around 1ms. Other geometry of detectors with a Ti/A
Schottky barrier is shown in Fig. 46~a!.

for

of

en-

FIG. 44. Schematic device configuration of GaN Schottky barrier photo
ode ~after Ref. 145!.

FIG. 45. Spectral responsivity of GaN Schottky barrier photodiode~after
Ref. 145!.
Appl. Phys. Rev.: M. Razeghi and A. Rogalski
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It should be noticed that much information concerni
GaN Schottky barriers is under discussion. The barrier he
depends on a procedure used for diode fabrication. For
ample, Linet al.130 used Ti/Al and Ti/Au metallization and
subsequent annealing to receive ohmic contacts ton-type
GaN. Instead, Binariet al.155 have fabricated Schottky barri
ers using a Ti layer and a Au overlayer deposited
electron-beam evaporation. The barrier height of Ti
n-type GaN has been measured to be 0.58 and 0.59 eV
capacitance–voltage (C–V) and current–voltage (I –V)
techniques, respectively. The barrier height of Au onn-type
GaN was determined to be 1.19 and 1.15 eV fromI –V and
C–V measurements155 which is somewhat lower than re
ported previously by Hackeet al.156 ~0.84 eV by I –V and
0.94 eV byC–V!. Also, results presented by Guoet al.157

for Pt and Pd barriers confirm that the metal work functi
should not be the only factor affecting the Schottky char
teristics.

The first information aboutp-n junction GaN photovol-
taic detectors is included in Ref. 109. Zhanget al.158 have
estimated by theoretical modeling of the spectral respo
shape ofp-n junction that the diffusion length of holes in th
n-type GaN region is about 0.1mm. Next, Chenet al.152

have studied two detector structures grown by low-press
MOCVD, one n-on-p and the otherp-on-n. The p-on-n
sample consisted of the deposition over basal plane sapp
of a 1-mm-thick unintentionally dopedn-GaN layer followed
by a 0.5-mm-thick Mg-dopedp-GaN layer. Similarly, the
n-on-p structure consisted of a 1mm p-GaN layer followed
by a 0.5mm n-GaN layer. Large area mesa structures w
defined using reactive ion etching@Fig. 46~b!#. Ohmic con-
tacts were formed using sputtered W for n- and e-be
evaporated Ni/Au bilayer for thep contacts. These electrod
patterns were formed by standard lift-off processes. T
spectral responsivity data are plotted in Fig. 47. The ma
mum responsivity~0.09 A/W! is comparable to that of a
UV-enhanced Si detector. The rise and fall times of the p
toresponse were measured to be;0.4 ms for a detector area
of 16 mm2. However, these times are significantly grea
than the value of 1ms for the estimatedRC time constant.
More work is needed to identify the factors responsible
the decrease in the photodiode speed.

More sophisticated structures are also used for the de
tion of UV radiation. Recently, Khanet al.147,148 have re-
ported the GaN/AlGaN heterostructure field-effect transist

FIG. 46. GaN photovoltaic detector structures:~a! Schottky barrier and~b!
p-n junction ~after Ref. 109!.
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~HFETs! as gated visible blind photodetectors. These 0.2mm
gate HFETs operated as microwave amplifiers to a tempe
ture of 300 °C with maximum oscillation frequency and cu
off frequency of'70 MHz and'22 GHz, respectively, at
room temperature. Figure 48 shows the schematic diagram
the short gate GaN/AlGaN HFET. The thickness of the A
GaN barrier layer is approximately 25 nm, and its doping
on the order of 431018 cm23. The GaN layer is unintention-
ally doped. The gated photodetectors are backside illum
nated. The electron-hole pairs are generated in the se
insulating i -GaN buffer layer and in the activen-GaN
region. The photogenerated holes move towards thei -GaN/
sapphire interface, and the photogenerated electrons m
towards the channel where they are quickly driven into th
drain by the high channel field. The measured and calcula
responsivity of a backside illuminated GaN/AlGaN HFET
photodetector is shown in Fig. 49. The maximum respons
ity of 3000 A/W was achieved at a gate voltage of about 1 V
The spectral responsivity~see Fig. 50! falls sharply by two
orders of magnitude for wavelengths larger than 365 n
which demonstrates the visible blind operation of gated ph
todetector.

FIG. 47. Spectral responsivity of GaNp-n detectors:~a! light from then
side; ~b! light from thep side; ~c! spectral responsivity of UV-enhanced Si
p-n junction ~after Ref. 152!.

FIG. 48. Schematic diagram of the GaN/AlGaN HFET~after Ref. 159!.
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VIII. OTHER MATERIALS FOR ULTRAVIOLET
DETECTORS

A straightforward way to make a highly selective~blind-
less! UV detectors is to use wide band-gap semiconduct
However, due to technological difficulties with those ma
rials, the UV detectors are fabricated also with Si and Ga
Their principal advantage lies in the high crystalline qual
of the materials and their well-known processing metho
Recently, Constantet al.160 have presented GaAs photoco
ductive detectors with static responsivity values of 107–108

A/W in UV spectral range. Some applications require t
measurement of UV radiation in the presence of visible lig
The final design of the devices can include additional blo
ing filters or dielectric coating to fit them for the waveleng
of interest.

Misra et al.161 have presented preliminary results co
cerning fabrication and characterization of BNxP12x photo-
conductive detectors. This alloy system is an attractive m
terial for UV application because its band gap can be tu

FIG. 49. Measured~solid line! and calculated~dashed line! responsivity of
0.2 mm gate GaN/AlGaN HFET photodetector backside illuminated w
He–Cd laser~l5325 nm!. Drain-to-source voltage 10 V~after Ref. 147!.

FIG. 50. Measured spectral responsivity of 0.2mm gate GaN/AlGaN HFET
photodetector~after Ref. 147!.
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in the UV region~between 200 and 400 nm! by adjusting the
boron phosphide~BP! to boron nitride~BN! ratio in the ter-
nary compound.

Also recently, for the first time, to the best of our knowl
edge, the dramatic improvement in diamond photocondu
tive characteristics~106 higher response to 200 nm than vis
ible wavelengths,,0.1 nA dark current! has been achieved
following methane-air treatment of the polycrystalline
material.162 Figure 51~curve 3! shows the dramatic change
in the response~for wavelengths less than 225 nm! after
700 °C treatment in a methane ambient~1 h! and second
treatment at 400 °C in air~1 h!. The improvement in the
device characteristics indicates an active role for methane-
gases in modifying the surface, or near surface, region of t
thin-film polycrystalline diamond.

IX. CONCLUSIONS

Currently, the old detection techniques used in UV tech
nology~photographic films, detectors based on gas photoio
ization, and photoemissive detectors! are replaced by semi-
conductor photon detectors where higher sensitivity, mo
quantitatively accurate photometric information, or more im
mediate data availability are required. The semiconduct
detectors offer small size, ruggedness, and ease of use.
pansion of the semiconductor industry and the continuin
emphasis on the development of low-light level imaging sy
tems for military and civilian surveillance applications en
sure the dominant position of these detectors in the near
ture. Manufactured using proven wafer-scale silicon or III–V
processing techniques, they are inherently cheaper and p
vide high quantum efficiency. At present, a new class
video-rate imagers based on thinned, back-illuminated si
con charge coupled devices~CCDs! with improved UV sen-
sitivity ~to 50% quantum efficiency at 200 nm! is available to
replace conventional image intensifiers.162 However, Si pho-
todetectors require bulky band filters to block the visibl
solar radiation background and are intolerant of elevat
temperatures and caustic environments. With the use of w
band-gap semiconductors~like GaN or diamond!, the need

ith

FIG. 51. Spectral responsivity~arbitrary units! of diamond photoconductive
device: ~1! as-fabricated,~2! following methane annealing, and~3! after
methane and air annealing~after Ref. 162!.
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for these filters will be largely eliminated simplifying the
design of the spectroscopic monitoring equipment. Mor
over, these devices are potentially free from the mention
shortcomings; they are capable of operating at high tempe
tures and in hostile environments.

Interest in a new generation of wide band-gap semico
ductor detectors stems in part from the fact that the Earth
atmosphere is opaque at wavelength below 300 nm. To ta
advantage of this optical window, Earth to space commun
cation will need detectors that are UV sensitive but blind
the ambient visible radiation. Another area where these d
tectors can find applications is in the combustion monitorin
of gases where UV emission is a normal by-product.

Semiconductor diamond is of considerable interest f
UV detectors. Unfortunately, diamond of a good enoug
quality is not readily available, and appropriate technology
far from being mature. However, recent progress in diamo
thin-film technology is promising for future applications.

Unlike SiC, which is another wide band-gap semicon
ductor with demonstratedn- andp-type doping and excellent
power device performance, one notable advantage of III–
nitrides is that they form direct band-gap heterostructure
have better ohmic contacts and heterostructures. Becaus
this, it is anticipated that III–V nitrides may eventually prove
to be more promising than SiC for optoelectronic devices.

The future direction in research and development
GaN-based UV detectors~mainly photodiodes! can be
judged from the remarkable progress in their performan
attained over the last few years. A late newspaper at an
ternational Electron Device Meeting announces the first o
servation of stimulated emission from a current injecte
InGaN/AlGaN double-heterostructure diode.163,164The major
obstacle prohibiting the sort of improvement needed is t
large concentration of defects, although some attribute so
of the shortcomings to processing-related problems. Lar
concentrations of defects~107–1010 cm22! in GaN structures
manifest themselves as short carrier lifetimes and reduc
photoluminescence intensity. Further progress will mo
likely be due to the use of better matched substrates. A gr
deal of effort is presently being expended in laboratories e
erywhere to search for a better substrate or compliant base
decrease the defect generation, and thus increase quan
efficiency and photoconductive gain of detectors.165
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