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In this review article a comprehensive analysis of the developments in ultradid\et 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 AIGaN UV detectors is finally described in
detail. © 1996 American Institute of Physid$0021-8976)06110-7
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3,3e,3n,Jpn current density, of electrons, of holes, pho- vacuum ultraviolet VUV 200—-10 nm

tocurrent density deep ultraviolet DUV 350-190 nm
K Boltzmann's constant uItrav!oIet-A UV-A 400-320 nm
| length ultraviolet-B uv-B 320-280 nm
L,Le,Lp diffusion length, of electrons, of holes Again, it must be emphasized that these appear to be the
m free electron mass most common names and wavelength limits, but others will
m*, mg, my  effective mass, of electrons, of holes be found.
n,n; electron and intrinsic carrier concentration Ultraviolet research began in the latter half of the 19th

Ng,Ny,Np,An  equilibrium electron concentration, major- century, when the invisible radiation beyond the blue end of
ity and minority electron concentration, ex- the visible spectrum began to receive attention. It was soon

cess free electrons realized that the Earth’s atmosphere set limitations on ultra-
N, Ny concentration of acceptors, of donors violet research. For solar and celestial observations, strato-
NEP noise equivalent power spheric ozone limited the wavelengths reaching the surface

P.Po.Pp,Pn,Ap hole concentration, equilibrium, majority of the Earth to about 300 nm. Spectrographs carried to higher
and minority hole concentration, excess altitudes on mountains gave intriguing evidence that solar

free holes and stellar emissions continued to shorter wavelengths. In
q electron charge laboratory spectrographs, atmospheric molecular oxygen ab-
r surface reflectance sorption limited the useful lower wavelengths to about 200
R.R. R resistance, load, series nm, unless the spectrograph could be placed in a vacuum
Ro zero bias detector resistance chamber. The wavelengths shorter than 200 nm thus came to
Ri.R, current and voltage responsivity be called the vacuum ultraviolet. Because of the lack of good
s surface recombination vacuum pumps and associated technology, research was dif-
t thickness ficult and not widely done. In addition to atmospheric limi-
T temperature tations, optical methods used in the visible failed in the ul-
v,Ug,Ua,0y  Velocity, drift, ambipolar, saturation, and traviolet because of the lack of materials having good
thermal carrier transmissivity and reflectivity. In the beginning of the 1880s,
V.,\Vy ., Vy,i, vV, electrical voltage, bias, built-in and noise  Rowland and co-workers developed concave diffraction grat-
w width ings and discovered the Rowland circle mount for vacuum
X alloy composition, distance variable spectrographs. This was a great step forward, since only
a absorption coefficient single reflection and no transmission were needed to obtain
B coefficient of I-V diode characteristic spectra on a photographic plate. Vacuum ultraviolet spec-
&g permittivity of space trography was pioneered by Schumann, Lyman, and others
£,80,€x dielectric coefficient, relative static and op- in the early decades of this century. The lack of suitable
tical o windows, filters, gratings, calibration standards, light
7 quantum efficiency sources, and vacuum pumps resulted in difficulties in experi-
NApiAe wavelength, peak wavelength, cutoff nentation. The next large stimulus occurred after World War
wavelength Il, when it was possible to use first sounding rockets and
v frequency _ then satellites to investigate the Earth’s upper atmosphere
M Mhe b mobility of carriers, of electrons, of holes anq to make solar and astronomical observations without in-
T TerTh o Tef carrier lifetime, of electrons, of holes and teference by the atmosphere. These applications areas
effective lifetime .. opened up the need for better instrumentation, including bet-
TRC:7d 1 Ts response time limited by RC, diffusion, e windows, gratings, filters, detectors, and light sources as
and transit time o _well as improved spectroscopy of the atoms, molecules, and
o carrier lifetime in depletion junction region jong of planetary and stellar atmospheres and reliable stan-
(OFSR R background, signal photon flux dards for calibrations.
¢ work function The major constituents of the terrestrial atmosphere are
v barrier potential strong absorbers of radiation at wavelengths below 300 nm.
w angular frequency Radiation of mid ultraviolettMUV) wavelengths between
200 and 300 nm is absorbed primarily by ozone while mo-
I. INTRODUCTION

lecular oxygen is the major absorber at far ultravigfeV)
The ultraviolet(UV) region is commonly divided into between 110 and 250 nm. Consequently, at wavelengths be-
the following subdivisions. These names are widely used antbw about 200 nm, the use of evacuated instrumentation is

are recommended: mandatory. At extreme ultravioletEUV) wavelengths of
near ultraviolet NUV 400-300 nm 110 nm, atomic and molecular gases become strong absorb-
mid uItra\_/loIet MUV 300-200 nm _

far ultraviolet FUV 200-100 nm Several books from the mid 1960s describe the ultravio-

extreme ultraviolet EUV 100-10 nm let technology of this time. These books are on vacuum ul-

In addition to the above names, the following names fortraviolet spectroscopic techniqueshe middle ultraviolet
wavelength regions may be encountered: [near ultraviolet(NUV) and MUV, generall},? ultraviolet
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l Ultraviolet photon detectors‘

| Photoelectric detectors | | Photographic detectors
Photoconductive Photovoltaic Photoemissive
Examples: GaAs Examples: p-n junction and Schottky Examples: Vidicon
GaN barrier (Si, SiC, GaN) MCP
AlGaN CCD, CID EBCCD

FIG. 1. Classification of ultraviolet photon detectors.

light sources, and spectroscopl.The historical develop- Il. CLASSIFICATION OF ULTRAVIOLET DETECTORS
ment of spectroscopy is traced in the introductory chapter in
Samson’s book,also the chapter in Green’s book by Hennes  In general, UV detectors fall into two categories: photon
and Dunkleman, entitled Ultraviolet Technology is an  detectorgalso named photodetectpand thermal detectors.
available source for the development of experimental techin photon detectors the incident photons are absorbed within
niques of that time. Recently, Huffman has published twothe material by interaction with electrons. The observed elec-
books about the ultraviolet spectral regiérisThe second of trical signal results from the changed electronic energy dis-
thent supplements previously published books, since thisribution. The photon detectors measure the rate of arrival of
volume is a collection of reprints that present the milestongjuanta and show a selective wavelength dependence of the
articles in ultraviolet optics and technology. response per unit incident radiation power. In thermal detec-
The issue of UV detectors is treated in several monotors, the incident radiation is absorbed and raises the tem-
graphs and reviews. An extensive examination of variougperature of the material. The output signal is observed as a
detector systems for both imaging and nonimaging applicachange in some temperature-dependent property of the ma-
tions is presented by CarruthérsTimothy and Maddeh terial. In pyroelectric detectors a change in the internal elec-
have restricted their review to photon detectors that are CUfkyica| polarization is measured, whereas in the case of bolom-
rently available for use at ultraviolet and x-ray wavelengthSeters a change in the electrical resistance is measured. The
More information about the history of the development ofiharmg) effects are generally wavelength independent since
UV detectors and their current status in astronomy can bg,e ragiation can be absorbed in a “black” surface coating.
found in an excellent book entitlecow light level detectors  gacause of greater sensitivity, photon detectors are more

in astronomyby Eccles, Sim, and Tnt_toHJ. Another of o, monly utilized at UV wavelengths. Thermal detectors,

Timothy’s review articles is devoted mainly to detectors forhowever are sometimes employed at UV wavelengths as
- l . 1

optical wavelength$! and a comparison of charge coupled absolute radiometric standards.

devices(CCDs9 to other optical detectors is given by Jan- UV photon detectorésee Fig. 1 have traditionally been

esick et al!2 The reviews of the present and future techno- ; e i

) : . . ._devoted into two distinct classes, namely, photographic and
logical concepts currently being considered in aStrOphySICShotoeIectric Photographic emulsion has the great advantage
and astronomy are given by Welsh and KapiadosepH? P ' grap 9 9

and by Ulmeret al'® However, the UV detectors have also of an image-storing capability and can thus record a large

found terrestrial applications. They can detect UV emission?mount of data in a single exposure. However, photographic

from flames in the presence of hot backgrourgsch as emulsion has a number of limitations: s.ensitivity is consid-
infrared emission from the hot bricks in a furnac&his erab!y lower _tha'n .that of a photoelegtnc deteptor, the ‘?‘y'
provides an excellent flame on/off determination system fof'@Mic range is limited, the response is not a linear function
controlling the gas supply to large furnaces and boiler sys®f the incident photon flux at a specific wavelength, and

tems. Flame safeguard and fire control areas are just two GMUISion is sensitive to a very wide energy rarigecord-
the various possible applications for the UV detectors. ingly the elimination of background fog levels induced by

In this article we will first present the classification of Scattered light and by high-energy charged particles is ex-
UV detectors and general requirements imposed on these dgemely difficuld.
tectors. Further consideration will be restricted to modern  Photoelectric detectors, on the other hand, are more sen-
semiconductor UV detectors, so the basic theory of photositive, have a greater stability of response and provide better
conductive and photovoltaic detectors will be presented in dnearity characteristics. In the last decade considerable
uniform way convenient for various detector materials. Next,progress in the image-recording capability of photoelectronic
the current state of the art of different types of semiconductoglevices has been observed. Recently developed photovoltaic
UV detectors will be presented. The main effort will be es-array detectorfsuch as the charge coupled devicasd pho-
pecially directed to a new generation of UV detectors. Thistoemissive array detectofsuch as the microchannel array
generation of detectors is the product of five years of mateplates(MCP39] for the first time combine the sensitivity and
rials and device research, which resulted in the developmemédiometric stability of a photomultiplier with a high-
of high quality GaN layers. resolution imaging capability.
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There are a number of important differences between the
two classes of detectors. In the photoemissive detectors, the
_ primary photoelectron produced by the photocathode can be

Photoemissive detector Semiconductor photodiode

_Anode multiplied by the process of secondary emission to produce a
4‘ / & large cloud of electrons. The degree of multiplication is
= called the gain of the detector. If the gain is sufficiently
_ﬁ:-\_c sthode large, the electron cloud generated by a single photoelectron
) can be detected directly with conventional electronic circuits.
@ ®) Alternatively, the electron cloud can be accelerated to high
FIG. 2. Principle operation of photoemissi{@ and semiconductor detec- _energy and al_lo.wed .to Impact a phO.Sphor screen. The result-
tors (b). ing pulse of visible-light photons emitted from the phosphor

can be viewed directly or can be detected and recorded by
additional photosensitive systems. Detectors operated in this

In the most commonly employed photoemissive UV Ole_pulse-counting mode can provide the ultimate level of sensi-
tivity at very low signal level. That form of intensification

tectors, the photon is allowed to impact a solid surface real- """ - . .
izing a photoelectron into the vacuum environméfitg. n‘pphes., however, hlgh \{oltages anq thg mh_erent associated
2(a)]. Applying a voltage between the photocathode Surfacéj|ff|(_:ult|es. Moreover, it is not possmle_ln_ this mode of op-
and a positively biased anode causes a photoelectron curreff@tion to store the detected events within the detector, and
to flow in proportion to the intensity of the incident radiation. € detected signal must be integrated in a separate recording
Since these detectors make use of the external photoelectiF¥Stem. Table | compares these two types of UV detectors.
effect, the wavelength range of sensitivity is defined prima- '€ importance of UV semiconductor detectors has re-
rily by the work function of the surface material. §ulted in the recent meteoric expansion of the. semiconductor
In the semiconductor detectors, the photons are absorbd@dustry, and second, the continuing emphasis on the devel-
in the bulk of the semiconductor material producing®Pment of low-light-level imaging systems for military and
electron-hole pairs which are separated by an electrical fielgivilian surveillance applications. These detectors should:
These detectors make use of the_internal photoelectric_ effegb not be sensitive to light at optical wavelengtfeom-
where the_ energy of the p_hotons is large enoggh to raise the monly referred to as being solar blind
eIeptrons into the conduction bgnd of the semiconductor M&2) have high quantum efficiency,
ter!al. In the case of photovoltaic c.ieteqors, the. eIec.tron—hoI%) have a high dynamic range of operation,
pairs are separated by the electrical fieldpeh junctions,
Schottky barrier, or metal-insulator-semicondudidiS) ca-
pacitors, which leads to an external photocurrent propor-
tional to the number of detected photdisg. 2(b)]. Apply- Multiplying the number of primary charge carriers is
ing a voltage across the absorbing region causes a current ggnerally not possible in semiconductor detectatthough
flow in proportion to the intensity of the incident radiation. this deficiency may be offset by the very high internal quan-
In the photoemissive detectors, the primary photoelectum efficiency of the semiconductor matejiarhese detec-
tron can be multiplied by the process of secondary emissiotors are thus less sensitive at the lowest signal levels than the
to produce a large cloud of electrons. The occurrence of ghotoemissive detectors operating in pulse-counting mode.
single photoelectron event then can be detected either ddowever, the semiconductor detectors have the ability to
rectly with conventional electronic circuits or by acceleratingstore charge and integrate the detected signal for significant
the electron cloud to high energy and allowing it to impact aperiods of time. Recently, there has been much development
phosphor screen. The emitted pulse of visible-light photonef CCD detectors for use in the UV spectral rangé$>16-18
can then be viewed directly, or detected and recorded b@n the contrary, for visible spectral range devices the use of
additional photosensitive systems. Detectors operated in thiSi CCDs in the UV region is not yet well established because
pulse-counting mode can provide the ultimate level of sensief the many problems connected with the interaction of UV
tivity set by the quantum efficiency of the photocathode. radiation with the materials typically used in silicon technol-

(4) have low backgrounds since noise arising from the back-
ground often dominates in faint UV observations.

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 responsivity
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
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tect the photoelectron released from a photocathode. The
photoelectron is accelerated to very high energy by an elec-
trostatic field and allowed to bombard the semiconductor
material. If sufficient energy is released within the absorbing
region, enough electron-hole pairs can be produced to pro-
vide a measurable signal from a single photoelectron impact.
Figure 3 shows the current status of the quantum effi-
ciency of common detectors. The top plot in Fig. 3 shows the
quantum efficiencies that can be obtained with various con-
figurations of thinned, back-illuminated CCDs. Future anti-
reflection coatings, depicted as a dot-dash line, may extend
the range well into the UV range. Figurgb® shows the
solar-blind efficiencies obtained for various UV detectors.

lll. ULTRAVIOLET PHOTODETECTORS

Ultraviolet semiconductor photodetectors work in three
fundamental modes:

(1) photoconductive detectors,
(2) photodiodep-n junctions, and
(3) Schottky barrier detectors.

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

A. General theory of photodetectors

The photodetector is a slab of homogeneous semicon-

of detected photons and the quantum efficiency of each stage of the systelUCtor with the actual “electrical” are&, which is coupled
The DQE can be expressed in terms of the signal-to-noise characteristics 96 a beam of infrared radiation by its optical ar&a Usu-

the input and output signals as the ratio DEE/N,,)%(S/N;,)? (after Ref.

14).

ogy. For example, the relatively thin gate oxide lays®0—

ally, the optical and electrical areas of the device are the
same or close. The use of optical concentrators can increase

the Aj/A, ratio.

The current responsivity of the photodetector is deter-

1200 A) on the CCD front face is strongly absorbing of UV mined by the quantum efficiency and by the photoelectric

radiation, so that it is not possible to use front-illuminate
CCDs for direct detection of this radiation. The electron-hole
pairs created in this layer are not separated by an intern

gg9aing. The quantum efficiency value describes how well the

detector is coupled to the radiation to be detected. It is usu-

Ally defined as the number of electron-hole pairs generated

field and will therefore not contribute to the photocurrent, PE" incident photon. The idea of photoconductive gpinas

Thinned, back-illuminated CCDs also have some problem
In fact, after the device is thinned, a native back-oxide layer
forms naturally, and even if it is very thin, typically less than
50 A, this dramatically influences overall sensor perfor-
mance. A number of solutions have been tried, ranging fron?
the deposition of a scintillator, such as cororéner

lumigen? to the backside illumination of thinned devices, so
to avoid the absorption of radiation by the thick polysilicon
gate structure. Some methods have been developed to reduce g :)‘
the surface state problems using ‘“back-accumulation”

Jut forth by Ros& as a simplifying concept for the under-

tanding of photoconductive phenomena and is now widely
used in the field. The photoelectric gain is the number of
carriers passing contacts per one generated pair. This value
hows how well the generated electron-hole pairs are used to
generate the current response of a photodetector. Both values
are assumed here as constant over the volume of the device.
The spectral current responsivity is equal to

n
i h_C a9, (1)

techniques™ They are based on the hypothesis that the backhere ) is the wavelengthh is Planck’s constant; is the
surface p.otentlal can be plnn_ed.by heawly populating it WI'[h"ght velocity, q is the electron charge, arglis the photo-
holes which create an electric field that directs the photogeajectric current gain. Assuming that the current gains for

nerated charges away from the back surface. They can tﬁh

otocurrent and noise current are the same, the current

divided into three categories: backside charging, flash gatg,ise due to generation and recombination procesées is

techniques, and ion implantatiGs’
A semiconductor array can also be used to directly de-
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whereG andR are the generation and recombination rates,

Af is the frequency band, artdis the thickness of the de- 107 T =200K

DetectivityD* is the main parameter characterizing nor- 107
malized signal-to-noise performance of detectors and can be '
defined as

10"
Ri(A,Af )12
D*= — (3) |
" 10 BLIP; B =10"Hz K
According to Eqs(1)—(3)?3 L A=1em® SFL
N A\ 12 L AB =10"Hz
D*= i~ (A—:) 72(G+R)t] Y2 (4 ? 107
4 | BLIP; B=1Hz

For a given wavelength and operating temperature, the 107 A=1cm™
highest performance can be obtained by maximizing N
7[t(G+R)]¥? which corresponds to the condition of the .
highest ratio of the sheet optical generation to the square root 10" N
of sheet thermal generation—recombination. " BLIP; ifl :in?

The effects of a fluctuating recombination can frequently B B
be avoided by arranging for the recombination process to 10'1sf SFL
take place in a region of the device where it has little effect (AB =1Hz)
due to low photoelectric gain: for example, at the contacts in 10.19" | | | | ‘ i
sweep-out photoconductors or in the neutral regions of di- 01 02 05 10 20 50 10 20
odes. In this case, the noise can be reduced by a factor of 2.5 Wavelength (um)

and detectivity increased by the same factor. The generatianG. 4. Minimum detectable monochromatic power as a function of wave-

process with its associated fluctuation, however, cannot blength for composite of SFL and BLIP limit for two detector areas and
avoided by any means electrical bandwidths. Background temperature is 290 K and FOVris 2
Lyl ) . L steradiants. Detector long wavelength limit is equal to source wavelength
At equilibrium the generation and recombination ratesier ref. 25.

are equal, and assuming thaj=A. we have

Nmo
D*= She {272 G : ©) it is rarely achieved with solid-state devices, which are nor-
mally detector-noise or electronic-noise limited. THNEP)

The total generation rate is a sum of the optical andand detectivity of detectors operating in this limit have been

thermal generation derived by a number of authofsee, e.g., Kruset al?#.
G=Gp+Gop- (6) The NEP in the SFL is given by
The optical generation may be due to the signal or ther-  NEp= ZheAt 8
mal background radiation. For infrared detectors, usually 7\

thermal background radiation is higher compared to the sigwhen Poisson statistics are applicable. This threshold value
nal radiation. If the thermal generation is reduced much be'rmplies a low number of photons per observation interval. A
low the background level, the performance of the device isnore meaningful parameter is the probability that a photon
determined by the background radiatignonditions for || pe detected during an observation period. KRisthows
background limited infrared photodetectdBLIP)]. The  that the minimum signal power to achieve 99% probability
nOIEESGQUIVaE”t poweNEP) in this approximation is given  that a photon will be detected in an observation petjod
by** 9.2zhcAf

(AAf )2 (2A<I>BAf)1/2 NEPmin:Tv 9)

— =hy ,

NEP= —55—=h p )

whereAf is assumed to be 12 Note that the detector area
where®y is the total background photon flux density reach-does not enter into the expression and that NEBepends
ing the detector, anaf is the electrical bandwidth of the linearly upon the bandwidth, which differs from the case in
receiver. The background photon flux density received by thevhich the detection limit is set by internal or background
detector depends on its angular view of the background andoise.
on its ability to respond to the wavelengths contained in this  Seib and Aukerméf also have derived an expression
source. for the SFL identical to Eq(9) except that the multiplicative
When photodetectors are operated in conditions whereonstant is not 9.22 but®2 for an ideal photoemissive or
the background flux is less than the opti¢sina) flux, the  photovoltaic detector and2 for a photoconductor. This dif-
ultimate performance of detectors is determined by the signdkrence in the constant arises from the differing assumptions
fluctuation limit (SFL). It is achieved in practice with photo- as to the manner in which the detector is employed and the
multipliers operating in the visible and ultraviolet region, but minimum detectable signal-to-noise ratio.

7438 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996 Appl. Phys. Rev.: M. Razeghi and A. Rogalski



It is interesting to determine the composite signal fluc-
tuation and background fluctuation limits. Figure 4 illustrates
the spectral NEP over the wavelength range from 0.1 to 20
umm assuming a background temperature of 290 K detector
areas of 1 crhand 1 mnd (applicable only to the background
fluctuation limif), a 27 steradian field of viewFOV) [appli-
cable only to the background fluctuation lifhiand band-
widths of 1 and 16 Hz. These additional values of param-
eters are specified because of different dependencies of NEP
(upon area and bandwidtlfior signal fluctuation and back-
ground fluctuation limits. Note that the intersections of three ,
pairs of curves, for which the bandwidths of the signal and ©hmic contact
background fluctuation limits are equal, lie between 1.0 and
1.5 um. To illustrate the composite, a detector with an area
of 1 cn? (applicable to the background fluctuation lirétnd
a bandwidth of 1 Hz has been scored. For this pair, at wave- o )
lengths below 1.2um the SFL dominates; the converse is NiSMS: Shockley—Read, radiative, and Auger mechanisms.
true above 1.2:m. The minimum detectable monochromatic The Shockley—Read mechanism occurs via lattice defect and
radiant power at 1.2um is 1.5<10 8 W in a 1 Hz band- impurity energy levels within the forbidden energy gap and
width. Below 1.2um the wavelength dependence is small.iS the dominant mechanism in wide band-gap materials.
Above 1.2um it is very large, due to steep dependence upon
wavelength of the short wavelength end of the 290 K back- .

o B. Photoconductive detectors
ground spectral distribution.

The basic equations for dc analysis of detector perfor- The photoconductive detect¢also named as the photo-
mance are well known: two current-density equations forconductoy is essentially a radiation-sensitive resistor. The
electronsl, and holes],, two continuity equations for elec- operation of a photoconductor is shown in Fig. 5. A photon
trons and holes, and Poisson’s equation which are colle®f energyhv greater than the band-gap enery is ab-
tively referred to as the Van Roosbroeck mddel sorbed to produce an electron-hole pair, thereby changing the
electrical conductivity of the semiconductor.

FIG. 5. Geometry and bias of a photoconductor.

Jo=qD, @_ Qpeeh ﬂ current density for electrons, In almost all cases the change in conductivity is mea-
dx dx sured by means of electrodes attached to the sample. For low

(10) resistance material, the photoconductor is usually operated in

dp dw a constant current circuit as shown in Fig. 5. The series load

resistance is large compared to the sample resistance, and the
signal is detected as a change in voltage developed across the
sample. For high resistance photoconductors, a constant volt-

age circuit is preferred and the signal is detected as a change

Jh=0qDy, ax dHnP G current density for holes,(11)

——e+(G—R)=0 continuity equation for electrons,

d . : . T
g ox (12) in current in the bias circuit.
1dJ ivi
— d—h—(G—R)zo continuity equation for holes, (13) 1. Current and voltage responsivity
q ax We assume that the signal photon flux dendiy\) is
d2w q incident on the detector arés=wl| and that the detector is
O e (Ng—N,+p—n), Poisson’'s equation, operated under constant current conditions, Rg3>>R. We

ocr

suppose further that the illumination and the bias field are

14 weak, and the excess carrier lifetime,is the same for ma-

whereV is the electrostatic potentidl, is the concentration
of donors,N, is the concentration of acceptoi3, andD,,
are the electron and hole diffusion coefficiemsandp are
the electron and hole densities, asgk, is the permittivity

jority and minority carriers. To derive an expression for volt-
age responsivity, we take a one-dimensional approach for
simplicity. This is justified for a detector thicknegsthat is
small with respect to the minority carrier diffusion length.

of the semiconductor. A self-consistent iterative procedurayve also neglect the effect of recombination at frontal and
for the solution of this mathematical model is well docu- rear surfaces.

mented in the literatur® The method reformulates the

The basic expression describing photoconductivity in

model in terms of integral equations which incorporate thesemiconductors under equilibrium excitatidihe., steady

boundary conditions and eliminafig andJ,, as intermediate

variables. This allows the carrier densities to be computed

from the potential distribution.
The generation—recombination terrs ¢ R) is associ-

statg is

I ph: q 7]A¢)Sg! (15)
wherel y, is the short circuit photocurrent at zero frequency

ated with the predominant recombination mechanisms. Ther@lc), i.e., the increase in current above the dark current ac-
are three important generation and recombination mechaompanying irradiation. The photoconductive gain is deter-
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mined by the properties of the detector, i.e., by which detec- Vs 7 ATV,

tion effect is used and the material and configuration of the R,= B, Iwi hc g’ (24
detector. _

In general, photoconductivity is a two-carrier phenom-where the absorbed monochromatic powge ®Ahw.
enon and the total photocurrent of electrons and holes is This expression shows clearly the basic requirements for

high photoconductive responsivity at a given wavelength
(16p ©one must have high quantum efficiengy long excess car-
rier lifetime 7, the smallest possible piece of crystal, low
thermal equilibrium carrier concentrationg, and the high-
est possible bias voltagé, .
The frequency dependent responsivity can be determined
by the equation

_ wtq(Anue+Apun) Vi
ph™ | '

whereg, is the electron mobilityu,, is the hole mobility V,
is the bias voltage and

n=ng+An, p=pe+Ap. (17)
The termsn, and p, are the average thermal equilibrium

. o : _ 7 NTet Vp l
carrier densities, andn andAp are the excess carrier con R=r—— — >, (25)
centrations. lwt hc ng (I+w°7g)

Taking the conductivity to be dominated by electréins  \herer, is the effective carrier lifetime. Usually, the photo-

all known high sensitivity photoconductors this is found to conductive detectors fabricated from wide band-gap materi-
be the caseand assuming uniform and complete absorptiong|s reveal strongly sub-linear responses and excitation-

1 1 9. . - . . - - -
electron concentration in the samplé®is excitation levels. This can be attributed to the redistribution
dAn _®sp An 19 of the charge carriers with increased excitation level.
dt  t T The above simple model takes no account of additional

limitations related to the practical conditions of photocon-
'ductor operation such as sweep-out effects or surface recom-
bination. These are specified below.

whereris the excess carrier lifetime. In the steady condition
the excess carrier lifetime is given by the equation

Ant
D, 19 5 Sweep-out effects
Equating(15) to (16) gives Equation(25) shows that voltage responsivity increases
monotonically with the increase of bias voltage. However,
_ tVhueAn (20) there are two limits on applied bias voltage, namely: thermal
gDy conditions(joule heating of the detector elemgand sweep
. . . . out of minority carriers. The thermal conductance of the de-
and invoking Eq/(19) we get for the photoconductive gain tector depends on the device fabrication procedure. If the
_ THeVp __ T (21) excess carrier lifetime is long, we cannot ignore the effects
12 1%/ eV of contacts and of drift and diffusion on the device perfor-
So, the photoconductive gain can be defined as mance. Present-day material technology is such that at mod-
, erate bias fields minority carriers can drift to the ohmic con-
g=—, (22)  tacts in a short time compared to the recombination time in
t the material. Removal of carriers at an ohmic contact in this

wheret, is the transit time of electrons between ohmic con-way is referred to as “sweep ouf®** Minority carrier
tacts. This means that the photoconductive gain is given bgweep out limits the maximum applied voltage \gf. The

the ratio of free carrier lifetimes, to transit timet, between  effective carrier lifetime can be reduced considerably in de-
the sample electrodes. The photoconductive gain can be letgctors where the minority carrier diffusion length exceeds
than or greater than unity depending upon whether the drifthe detector lengtiieven at very low bias voltagesAt low
length, Ly=v47, is less than or greater than interelectrodebias the average drift length of the minority carriers is very
spacing, 1. The value df s>1 implies that a free charge much less than the detector lengthand the minority carrier
carrier swept out at one electrode is immediately replaced biffetime is determined by the bulk recombination modified
injection of an equivalent free charge carrier at the opposit®y diffusion to surface and contacts. The carrier densities are
electrode. Thus, a free charge carrier will continue to circutniform along the length of the detector. At higher values of

late until recombination takes place. the applied field, the drift length of the minority carriers is
WhenR, >R, a signal voltage across the load resistor iscomparable to or greater than 1. Some of the excess minority
essentially the open circuit voltage carriers are lost at an electrode, and to maintain space-charge

| equilibrium, a drop in excess majority carrier density is nec-
(23 essary. This way the majority carrier lifetime is reduced. It

should be pointed out that the loss of the majority carriers at
where Ry is the detector resistance. Assuming that theone ohmic contact is replenished by injection at the other,
change in conductivity upon irradiation is small compared tobut the minority carriers are not replaced. At high bias the
the dark conductivity, the voltage responsivity is expresse@xcess carrier density is nonuniformly distributed along the
as length of the sample.

Vszlthd:|phW,
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To achieve high photoelectric gain, low resistance andime. This leads to conductivity changes that will be reflected
low surface recombination velocity contacts are requiredas fluctuations in current flow through the crystal. Many
The metallic contacts are usually far from expectation. Theorms of g—r noise expression exist, depending upon the in-
contacts are characterized by a recombination velocity whickernal properties of the semiconductors.
can be varied from infinityohmic contactsto zero (per- The rms g—r noise current for an extrinsiegtype photo-
fectly blocking contacts In the latter case, a more intensely conductor with carrier lifetimer can be writte?
doped region at the contagt.g.,n™ for n-type devices or L
heterojunction contagtcauses a built-in electric field that ) 412AN?7Af
repels minority carriers, thereby reducing recombination and Ig—r:m! (27)
increasing the effective lifetime and the responsivity. Practi-

cal realization of the device would require double epitaxialwhereN is the number of carriers in the detector. Usually, in
growth and the subsequent removal of the heavy doped mam extrinsic semiconductor there will be some counterdop-

terial from the active area of the device. ing, i.e., electrons trapped at deep lying levels. If the number
of deep traps is small compared to the number of electrons
3. Noise mechanisms in photoconductors (electrons being the majority carri¢rshen the variancA N?

All detectors are limited in the minimum radiant power IS €qual toN*% The current flowing in the device Is=Nqg/
which they can detect by some form of noise which may™ hence
arise in the detector itself, in the radiant energy to which the
detector responds, or in the electronic system following the 2 _ 4qlgAf
detector. Careful electronic design, including low noise am- 9" 1+w°7"’
plification, can reduce the system noise below that in the
output of the detector. This topic will not be treated here. Generation—recombination noise usually dominates the noise
We can distinguish two groups of noise; the radiationsPectrum of photoconductors at intermediate frequencies.
noise and the noise internal to the detector. The radiation An additional type of noise, referred to asf Ihoise,
noise includes signal fluctuation noise and background flucbecause it exhibits an approximatelyf Jgower law spec-
tuation noise. Under most operating conditions the signaifum, is always observed. It is less understood than the more
fluctuation limit is operative for ultraviolet and visible detec- fundamental noise sources and is not generally amenable to
tors. mathematical analysis. The general expression for tlie 1/
The random processes occurring in semiconductors givBOIS€ current Is
rise to internal noise in detectors even in the absence of " 12
illumination. There are two fundamental processes respon- l/f_(Klef>

(28)

sible for the noise: fluctuations in the velocities of free car- B 8 (29

riers due to their random thermal motion, and fluctuations in
the densities of free carriers due to randomness in the rates wfhereK is a proportionality factor,, is the bias currenty is
thermal generation and recombinatitn. a constant whose value is about 2, ghi$ a constant whose
Johnson—Nyquist noise is associated with the finite revalue is about unity.
sistanceR of the device. This type of noise is due to the In general, 1f noise appears to be associated with the
random thermal motion of charge carriers in the crystal angresence of potential barriers at the contacts, surface trapping
not due to fluctuations in the total number of these charg@henomena, and surface leakage currents. Reductionf of 1/
carriers. It occurs in the absence of external bias as a fluctunoise to an acceptable level is an art which depends greatly
ating voltage or current depending upon the method of meaen the processes employed in preparing the contacts and sur-
surement. Small changes in the voltage or current at the tefaces. Up until now, no fully satisfactory general theory has
minals of the device are due to the random arrival of chargéeen formulated. The two most current models for the expla-
at the terminals. The root mean square of the Johnsonnation of 1f noise were considered: Hooge’s modvhich
Nyquist noise voltage in the bandwidthf is given by assumes fluctuations in the mobility of free charge carriers,
and McWhortel's modet? based on the idea that the free

_ 1/2
Vi= (4KTRAT )T, (26 carrier density fluctuates.
wherek is the Boltzmann constant arfidis the temperature. The UV semiconductor detectors usually exhibitf 1/
This type of noise has a “white” frequency distribution. noise at low frequency. At higher frequencies the amplitude

At finite bias currents, the carrier density fluctuationsdrops below that of one of the other types of noise.
cause resistance variations, which are observed as noise ex-
ceeding Johnson—Nyquist noise. This type of excess noise in
photoconductive detectors is referred to as generationz -

L : L . Quantum efficiency

recombination(g—r) noise. G—r noise is due to the random
generation of free charge carriers by the crystal vibrations In most photoconductor materials the internal quantum
and their subsequent random recombination. Because of thedficiency 7, is nearly unity; that is, almost all photons ab-
randomness of the generation and recombination processesyrbed contribute to the photoconductive phenomenon. For a
it is unlikely that there will be exactly the same number of detector, as a slab of material, shown in Fig. 5, with surface
charge carriers in the free state at succeeding instances wflection coefficients,; andr, (on the top and bottom sur-
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faces, respectivelyand absorption coefficient, the internal n~no(l—r)=~1-r. (33
photogenerated charge profile in thalirection is*

3 no(l—ry)a By anti-reflection coating the front surface of the detector,
S(y)= 1—rr, exp(—2at) [exp(—ay) this quantity can be made greater than 0.9.
+r, exp(—2at)exp — ay)]. (30

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

. 5. Influence of surface recombination
n= f . S(y)dy

The photoconductive lifetime in general provides a
lower limit to the bulk lifetime, due to the possibility of
_ mo(1-ry)[1+71; exp(—at)][1—explat)] (31)  enhanced recombination at the surface. Surface recombina-
1—ryr; exp—2at) ' tion reduces the total number of steady-state excess carriers

Whenr, andr,=r, the quantum efficiency is reduced to by reducing the recombination time. It can be shown that
is related to the bulk lifetime by the expression
_ mo(1-n)[1-expat)] @

1-r exp — at) ' Tef Aq
=, (34
Intrinsic detector materials tend to be highly absorptive; soin 7 a’Lg—1

a practical well-designed detector assembly only the top sur-
face reflection term is significant, and then where

n

(aDp+sy){slch(t/Lp)—1]+(Dp/Lp)shit/Lp)}
(Dp/Lp)(s1+Sy)ch(t/Lp)+(D3/LE+s;S,)sht/Lp)

A1=LDa

(aDp—sy){sy[ch(t/Lp)—1]+(Dp/Lp)sh(t/Lp)}e™
(Dp/Lp)(s1+8y)ch(t/Lp)+(D3/LE+s;5,)sh(t/Lp)

~(1-e™ )

and
_ DePosnt Dpnoute
P NoMe™T Poith

is the ambipolar diffusion coefficiens; ands, are the surface recombination velocities at the front and back surfaces of the
photoconductor, andl,=(Dp7)/2. Other marks have their usual meaningg, ,= (kT/q) uen, are the respective carrier
diffusion coefficients for electrons and holes.

If the absorption coefficient is largee™ *'~0 ands;<aDp, Eq. (34) is simplified to the well-known expressith

et Dp splch(t/Lp)—1]+(Dp/Lp)sht/Lp) 35

7 Lp Lp(Dp/Lp)(si+Sy)ch(t/Lp)+(D3/LE+s,+5,)sh(t/Lp)
|

Further simplification fois;=s,=s leads to insulator-semiconductorMIS) photocapacitors. Each of

these different types of devices has certain advantages for

1 1 2s : . . I

=T - (36) UV detection, depending on the particular applications.

Tef T

The most common example of a photovoltaic detector is
_ . _ the abruptp-n junction prepared in the semiconductor,
C. p-n junction photodiodes which is often referred to simply as a photodiode. The op-

Photoeffects which occur in structures with built-in po- €ration of thep-n junction photodiode is illustrated in Fig. 6.
tential barriers are essentially photovoltaic and result whefPhotons with energy greater than the energy gap, incident on
excess carriers are injected optically into the vicinity of suchthe front surface of the device, create electron-hole pairs in
barriers. The role of the built-in electric field is to cause thethe material on both sides of the junction. By diffusion, the
charge carriers of opposite sign to move in opposite direcelectrons and holes generated within a diffusion length from
tions depending upon the external circuit. Several structurethe junction reach the space-charge region. Then electron-
are possible to observe the photovoltaic effect. These includeole pairs are separated by the strong electric field; minority
p-n junctions, heterojunctions, Schottky barriers, and metalcarriers are readily accelerated to become majority carriers
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If the p-n diode is open circuited, the accumulation of
electrons and holes on the two sides of the junction produces
an open-circuit voltag@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 placed
across the diode terminals, and this is called the short-circuit
TR current.

Front contact The open-circuit voltage can be obtained by multiplying
the short-circuit current by the incremental diode resistance
(b) Series resistance R=(dl/aV) tatV=V,:

Vo= mGADR, 9

(a) ) . ) Back contact
Incident  Depletion region ~

radiation

o

n-type p-type

where Vy, is the bias voltage antd=f(V) is the current—
. voltage characteristic of the diode.
In many direct applications the photodiode is operated at
zero-bias voltage

_( dl )1
Ro=|-y - (40)

© Current !

Dark current A frequently encountered figure of merit for a photodiode is
the RyA product

— aJ\ 7t
IHuminated RoA= ( ﬁ_V)

Photocurrent I / Voltage -
=ngAd®

: (41
IVg=0

FIG. 6. Schematic representation of the operation pfm junction photo- . . .
diode: (a) geometrical model of the structuréy) equivalent circuit of an whereJ=1/A is the curren_t d_ensny. . .

illuminated photodioddthe series resistance includes the contact resistance N the detection of radiation, the photodiode is operated

as well as the bullp- andn-regions, (c) current-voltage characteristics for - at any point of thé —V characteristic. Reverse bias operation
the illuminated and nonilluminated photodiode. 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
on the other side. This way a photocurrent is generated g piffusion current. Diffusion current is the fundamen-
which shifts the current—voltage characteristic in the directg| current mechanism in p-n junction photodiode. Figure
tion of negative or reverse current, as shown in Fig).6The  §(a) shows a one-dimensional photodiode model with an

equivalent circuit of a photodiode is shown in Fidb abrupt junction where the spatial charge of widthsur-

_ The total current density in thp-n junction is usually  rounds the metalographic junction boundaryt, and two

written as quasineutral region0x,) and (x,+w,t+d) are homoge-
IV, ®)=4(V) = Ip( D), (37)  heously doped. The dark current density consists of electrons

] injected from then side over the potential barrier into tipe
where the dark current densityy, depends only oV and  gjge and an analogous current due to holes injected from the
the photocurrent depends only on the photon flux demBity |, gige into then side. The current—voltage characteristic for

Generally, the current gain in a simple photovoltaic de-5p, ideal diffusion-limited diode is given by
tector (e.g., not an avalanche photodigde equal to 1, and

then, according to Eq14), the magnitude of photocurrent is qVv
equal lp=AJ, exp(ﬁ) —1} (42
_ For a junction with thick quasineutral regions the satu-
o= 7AAD. (38) ration current density is equal to
The dark current and photocurrent are linearly independent D D.n
(which occurs even when these currents are significamd J _9"nPno + 4 .y (43)
the quantum efficiency can be calculated in a straightforward L Ls
manner?® where®37

3 _thpnO y1eh(X, /L) +shix,/Ly) " dDenpo yoch (t+d—x,—wW)/Le]+sH (t+d—X,—W)/Le] (44)
S Ly yishixy/Ly)+ch(xy/Ly) Le 7yosH(t+d—x,—w)/Le]+ch (t+d—x,—w)/Lg]
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in which casey;=s;L/Dy,, ¥,=S;Le/De, Pno, andnyy are 7, and, the electron and hole lifetimes in tipe andn-type
the concentrations of minority carriers on both sides of theegions, respectively. Diffusion current varies with tempera-
junction,s; ands, are the surface recombination velocities atture asn?.
the illuminated(for holes inn-type material and back pho- The resistance at zero bias can be obtained from 4.
todiode surfacefor electrons inp-type material, respec- by differentiation ofl -V characteristic
tively. The value of the saturation current densily, de-
- . e kT

pends on minority carrier diffusion lengthsL{,L,), Ro=——
minority carrier diffusion coefficientsi¥.,D,,), surface re- aln
combination velocities §; ,s,), minority carrier concentra- and then théR,A product determined by diffusion current is
tions (Pno, Npo) and junction designx, ,t,w,d). 43 -1 T

For nondegenerated statistioggpno=n{, D=(kT/q)u (ROA)D:( D) _ 47)

(46)

andL=(D7)%? and then dav v 70_@'
T B DA L N A e b. Quantum efficiency Three regions contribute to pho-
Js=(kT)"*niq p_pO T Nno | 7 ' todiode quantum efficiency: two neutral regions of different

(45  types of conductivity and the spatial charge regisee Fig.

6,37
wheren; is the intrinsic carrier concentratiop,,, and n,g 6). Thus
are the hole and electron majority carrier concentrations, and = 7,+ 7pr+ 7;, (48
|

(1-n)aly | aLp+yi—e “[y;ch(x,/Lp)+sh(x,/Lp)] Cax

=" 2 2_ —alnpe “ny, (49
o Lh 1 Ylsf’(xn/Lh)"‘Ch(Xn/Lh)
:(1_ rale g~ alXptw) (v2— aLe)eia(terixniW)_Sk[(t_i_d_xn_W)/Le]_ y2eh (t+d—X—wW)/Le] +al (50)
T 2 CHL (t+ d—X,— W)/L o] — ¥oSH (t+d—x,—w)/L,] e[’
|
7or=(1—r)[e” @n—g 2tntW], (51) minimize the reflectance of the front surface and ensuring

that the device is thicker than the absorption length.

In the following we shall consider the internal quantum c. Noise. In comparison with photoconductive detec-
efficiency, neglecting the losses due to reflection of the rators, the two fundamental processes responsible for thermal
diation from the illuminated photodiode surface. Obtainingpgise mechanisméluctuations in the velocities of free car-
high photodiode quantum efficiency requires that the illumi-riers due to their random motion, and due to randomness in
nated region of the junction be sufficiently thin so that theine rates of thermal generation and recombinatiane less
generated carriers may reach the junction potential barrier byaadily distinguishable in the case of junction devices, giving
diffusion. rise jointly to shot noise on the minority carrier components,

Normally, the photodiode is designed so that most of thgyhich make up the net junction current. The random thermal
radiation is absorbed in one side of the junction, e.g., in thenotion is responsible for fluctuations in the diffusion rates in
p-type side in Fig. ). This could be achieved in practice the neutral regions of junction devices and generation—
either by making then-type region very thin or by using a recombination fluctuations both in the neutral regions and in
heterojunction in which the band gap in theegion is larger  the depletion region. We will show later that for a junction
than the photon energy so that most of the incident radiatiogjevice at zero bias, i.e., when the net junction current is zero,
can reach the junction without being absorbed. If the backhe resulting noise is identical to Johnson noise associated
contact is several minority carrier diffusion lengthg,away  with the incremental slope of the device.

from the junction, the quantum efficiency is given by A general theory of noise in photodiodes, which is ap-
a(ML, plicable at arbitrary bias and to aII.so.urc.es of leakage cur-
n(N)=(1-r) Tra s (52)  rent, has not bee_n deyelop%Thg intrinsic noise mecha—_
e nism of a photodiode is shot noise in the current passing
If the back contact is less than a diffusion length away fromthrough the diode. It is generally accepted that the noise in
the junction, the quantum efficiency tends to an ideal diode is given by
7(V)=(1-n)[1-e ™1, (53 12=[2q(1 o+ 21 )+ 4KT(G, — Gg) JAT, (54)

whered is the thickness of the-type region. It has been

assumed that the back contact has zero surface recombinaherel ,=1Jexp(qV/kT)—1], G; is the conductance of the
tion velocity and that no radiation is reflected from the backjunction andG, is the low-frequency value o6;. In the
surface. Thus, if the above conditions hold, a high quantuntow-frequency region, the second term on the right-hand side
efficiency can be achieved using an anti-reflection coating tés zero. For a diode in thermal equilibriuthe., without ap-
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plied bias voltage and external photon fluke mean-square fective volume isAL, for L.<d and tends téAd for L >d.
noise current is just the Johnson—Nyquist noise of the phoFor p-type material, the generation rate is given by

todiode zero bias resistancBg*=qLJ/kT) 2
G=ro_ M (62)
4kT =—=—"
12=—— Af (55) Te  Ng7
Ro

The discussion indicates that the performance of the de-
and vice is strongly dependent on the properties of the back con-
V2= AKTRA (56 tact. The most common splutipn to this problem is to move
n ' the back contact many diffusion lengths away to one side
Note that the mean-square shot noise in reverse bias &1d to ensure that all the surfaces are properly passivated.
half the mean-square Johnson—Nyquist noise at zero biaAlternatively, the back contact itself can sometimes be de-
However, this predicted improvement in the diode noise irsigned to have a low surface recombination velocity by in-
reverse bias is not normally observed in practice due to introducing a barrier for minority carriers between the metal
creased 1/ noise. contact and the rest of the device. This barrier can be made
d. Detectivity. In the case of the photodiode, the photo- by increasing the doping or the band gap near the contact,

electric gain is usually equal to 1 so, according to @g,.the ~ Which effectively isolates the minority carriers from the high
current responsitivity is recombination rate at the contact.

o\

“he 7
he In the previous section, photodiodes were analyzed in
and detectivityfsee Eq(3)] can be determined as which the dark current was limited by diffusion. However,
\q A 1/2 this behavior is not always observed in practice, especially
D* = (58)  for wide-gap semiconductop-n junctions. Several addi-
hc [2q(Ip+219 tional excess mechanisms are involved in determining the
In reverse biases,y tends to—I¢ and the expression in dark current—voltage characteristics of the photodiode. The
brackets tends toy. dark current is the superposition of current contributions
From the discussion it is shown that the performance ofrom three diode regions: bulk, depletion region, and surface.
an ideal diffusion-limited photodiode can be optimized byBetween them we can distinguish:
maximizing the quantum efficiency and minimizing the re- 1. Thermally generated current in the bulk and depletion re-
verse saturation currenlty. For a diffusion-limited photodi-  gjon

ode, the general expression for the saturation current of elec- o . .
tron from thep-type side igsee Eq(44)] (@) diffusion current in the bullp andn regions,
(b) generation—recombination current in the depletion re-
gDenpo sh(d/Le) +(spLe/De)ch(d/Le)

gion,
Le ch(d/Lg)+(soLe/De)sh(d/Ly)”

(c) band-to-band tunneling,
It is normally possible to minimize the leakage current from( )
f)

R; (57) 2. Other current mechanisms

5= (59

(d) intertrap and trap-to-band tunneling,

the side which does not contribute to the photosignal. Th 2E;T::a:g;ljaz\:aafcr:grs]§ tcr?errgggletion region

minority carrier generation rate and hence the diffusion cur- '

rent can be greatly reduced, in theory at least, by increasing. Surface leakage current

doping or the band gap on the inactive side of the junction.(a)
If the back contact is several diffusion lengths away(b)

from the junction, then Eq59) tends to

qDeNnpo (¢) tunneling induced near the surface,
= L A. (600 (d) ohmic or nonohmic shunt leakage,

(e) avalanche multiplication in a field-induced surface re-
As the back contact is brought closer to the junction, the gion.

leakage current can either increase or decrease, depending on o
whether the surface recombination velocity is greater thars- SPace-charge limited current.
the diffusion velocityD /L. In the limiting case where Figure 7 illustrates schematically some of these mecha-

surface generation current from surface states,
generation current in a field-induced surface depletion
region,

d<L,, the saturation current is reduced by a facdt .
relative to Eq(60) for s=0 and increased by a factor bf/d

nisms. Each of the components has its own individual rela-
tionship to voltage and temperature. On account of this,

for s=oo. If the surface recombination velocity is small then many researchers analyzing theV characteristics assume

Eq. (59) can usually be written in the form

I's=dG Vyi » (61)

that only one mechanism dominates in a specific region of
the diode bias voltage. This method of analysis of the diode’s
|-V curves is not always valid. A better solution is to nu-

whereG is the bulk minority carrier generation rate per unit merically fit the sum of the current components to experi-
volume andVyy is the effective volume of material from mental data over a range of both applied voltage and tem-
which the minority carriers diffuse to the junction. The ef- perature.
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The comparison of Eq$62) and(65) indicates that the
generation rate in the bulk of the material is proportional to
n?, whereas the generation rate in the depletion region is
proportional ton; for a midgap state. The generation—
recombination current varies roughly as the square root of

Minority carriers are generated
thermally by intrinsic processes
or via traps

the applied voltagewi~ V') for the case of an abrupt junc-
tion, or as the cube rootw(~V*'?) for a linearly graded
junction. This behavior, in which the current increases with
reverse bias, can be contrasted with a diffusion-limited di-
ode, where the reverse current is independent of voltage
above a fewkT/q.

Space-charge region generation—recombination current
Hole diffusion varies with temperature as, i.e., less rapidly than diffusion

current which varies as?.

FIG. 7. Schematic representation of some of the mechanisms by which dark The zero bias resistance can be found by differentiating
current is generated in a reverse-biaged junction (after Ref. 31. .
Eq. (66) and settingy=0

Direct band to band tunneling

Generation via Trap assisted tunneling
traps in the —— — —
depletion region

_ dJGR -1 _2Vb70
Below, we will be concerned with the current contribu-  (RoA)eR=| ~qy |vfo_ qnw ’ (67)
tion of high quality photodiodes with higiR,A products N _
limited by: where Vy,=KT In (N,Ng/n?). In evaluating Eq.(67), the

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

component that can exist is a tunneling current caused by

: eliebls electrons directly tunneling across the junction from the va-

(4) impact ionization, lence band to the conduction bafdirect tunneling or by

(5) space-charge limited current. electrons indirectly tunneling across the junction by way of
a. Generatiorrecombination current. The importance intermediate trap sites in the junction regiandirect tunnel-

of this current mechanism was first pointed out by Sahing or trap-assisted tunnelingee Fig. 7].

et al,>® and was later extended by Ch¥blt appears that The usual direct tunneling calculations assume a particle

one space-charge region generation—recombination curreof constant effective mass incident on a triangular or para-

could be more important than its diffusion current, especiallybolic potential barrief! For the triangular potential barrier

at low temperatures, although the width of the space-charge 1/2 .

region is much less than the minority carrier diffusion length. q’EV, | 2m* ) ex4 4(2m*)2E3”?

E 3qiE

(1) generation—recombination within the depletion region,
(2) tunneling through the depletion region,
(3) surface effects,

The generation rate in the depletion region can be very much  ~T~ 2,252 (68)

greater than in the bulk of the material. In reverse bias, the _ ’ ) o )
current can be given by an equation similar to E&f), For an abrupp-n junction the electric field can be approxi-
63 mated by
I =9GgenV dep 63
dfep dep - - 2q Eg np 1/2
wheregyge, is the generation rate and,, is the volume of E= — =+ nto
the depletion region. In particular, the generation rate from d P

traps in the depletion region is given by the Shockley-Read-The tunnel current is seen to have an extremely strong de-

(69

€0€s b

Hall formula

2

n

Ge=————
90 N Teo+ P1Tno

pendence on energy gap, applied voltage, and an effective
doping concentratiolNg=np/(n+p). It is relatively insen-
sitive to temperature variation and the shape of the junction
barrier. For the parabolic barrfér

which would be obtained if the Fermi energy was at the trap — = (70)
e . 2°'“qhE

energy andrey and 7, are the lifetimes in strongly-type

and p-type material. Normally, one of the terms in the de- Apart from direct band-to-band tunneling, tunneling is

nominator of Eq.(64) will dominate and for the case of a possible by means of indirect transitions in which impurities

trap at the intrinsic level holds; and p;=n;, giving or defects within the space-charge region act as intermediate
states. This is a two-step process in which one step is a

(65  thermal transition between one of the bands and the trap and
the other is tunneling between the trap and the other band.

and then the generation—recombination current of the deplethe tunneling process occurs at lower fields than direct

tion region is equal band-to-band tunneling because the electrons have a shorter

distance to tunnelsee Fig. 7.
_ (66 c. Surface leakage currentln a realp-n junction, par-
To ticularly in wide gap semiconductors and at low tempera-

wheren; and p; are the electron and hole concentrations (mrm*)L2ES/2
9
Jrx exp —

n;
Gdep:T_O

qwn

GR™
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Oxide/insulator Metallurgical
8 junction p-type

o n-type

E

FIG. 8. Effect of fixed insulator charge on the effective junction space-

charge region(a) flatband condition(b) positive fixed chargéinversion of FIG. 9. Schematic representation of the multiplication process in an APD.
the p side, formation of am-type surface channgl(c) negative fixed chan-
nel (accumulation of thep side, field induced junction at the surfacéd)
large negative fixed charggnversion of then side, formation ofp-type

surface channgl qniweA.

IGRS:T—Ov (72)
wherew, is the channel width ané is the channel area.
tures, additional dark current related to the surface occurs. Apart from generation—recombination processes occur-
Surface phenomena play an important part in determininging at the surface and within surface channels, there are
photovoltaic detector performance. The surface provides ather surface-related current mechanisms, termed surface
discontinuity which can result in a large density of interfaceleakage, with ohmic or breakdownlike current-voltage char-
states. These generate minority carriers by the Shockleyacteristics. They are nearly temperature independent. Surface
Read—Hal(SRH) mechanism, and can increase both the dif-breakdown occurs in a region of high electric figkig. 8(c),
fusion and depletion region generated currents. The surfadehere the depletion layer intersects the surface; Fd), 8
can also have a net charge, which affects the position of theery narrow depletion laygr
depletion region at the surface. Band bending at th@-n junction surface can be con-

The surface of actual devices is passivated in order tdrolled by a gate electrode overlaid around the junction pe-
stabilize the surface against chemical and heat-inducetimeter on an insulating film.
changes as well as to control surface recombination, leakage, The dark current as a sum of several independent contri-
and related noise. Native oxides and overlying insulators argutions can also be written as follows:
commonly employed irp-n junction fabrication which in- q(V=IRy) VIR,
troduce fixed charge states which then induce accumulation 1=1 exp BKT R
or depletion at the semiconductor-insulator surface. We can sh
distinguish three main types of states on the semiconductowhereR; is the series resistance aRy, is the shunt resis-
insulator interface, namely, fixed insulator charge, low surtance of the diode. In the case of predominant diffusion cur-
face states, and fast surface states. The fixed charge in thent the B coefficient approaches unity; but when the
insulator modifies the surface potential of the junction. Ageneration—recombination current is mainly responsible for
positively charged surface pushes the depletion region furearrier transportg equals 2.
ther into thep-type side and a negatively charged surface  d. Impact ionization, avalanche photodiod&Vhen the
pushes the depletion region towards tintype side. If the electric field in a semiconductor is increased above a certain
depletion region is moved towards the more highly dopedralue, the carriers gain enough enefgyeater than the band
side, the field will increase, and tunneling becomes morejap so that they can excite electron—hole pairs by impact
likely. If it is moved towards the more lightly doped side, the ionization. An avalanche photodiod&PD) operates by con-
depletion region can extend along the surface, greatly inverting each detected photon into a cascade of moving car-
creasing the depletion region generated currents. When sufier pairs. The device is a strongly reverse-biased photodiode
ficient fixed charge is present, accumulated and inverted rén which the junction electric field is large; the charge carri-
gions as well am-type andp-type surface channels are ers therefore accelerate, acquiring enough energy to excite
formed (see Fig. 8 An ideal surface would be electrically new carriers by the process of impact ionization.
neutral and would have a very low density of surface states. The avalanche multiplication process is illustrated in
The ideal passivation would be a wide gap insulator growrFig. 9. A photon absorbed at point 1 creates an electron-hole
with no fixed charge at the interface. pair. The electron accelerates under the effect of the strong

Fast interface states, which act as generation-electric field. The acceleration process is constantly inter-
recombination centers, and fixed charge in the insulatorupted by random collisions with the lattice in which the
cause a variety of surface-related current mechanisms. Thedectron loses some of its acquired energy. These competing
kinetics of generation—recombination through fast surfacerocesses cause the electron to reach an average saturation
states is identical to that through bulk SRH centers. The curvelocity. The electron can gain enough kinetic energy that,
rent in a surface channel is given psee Eq.(66)] upon collision with an atom, it can break the lattice bonds,

+ly, (72)
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creating a second electron-hole pair. This is called impact
ionization (at point 9. The newly created electron and hole

both acquire kinetic energy from the field and create addi- p" T p |0
tional electron-hole pairge.g., at point 8 These in turn
continue the process, creating other electron-hole pairs. This Structure

process is therefore called avalanche multiplication.

The abilities of electrons and holes to impact ionize are
characterized by the ionization coefficiemisand ¢, . These =
quantities represent ionization probabilities per unit length. _’ Charge density
The ionization coefficients increase with the depletion layer
electric field and decrease with increasing device tempera-
ture.

An important parameter for characterizing the perfor-
mance of an APD is the ionization ratlo= ay,/ @,. When
holes do not ionize appreciablie., @, < a,, k<1), most of
the ionization is achieved by electrons. The avalanching pro-
cess then proceeds principally from left to righe., from
the p side ton side in Fig. 9. It terminates some time later
when all the electrons arrive at theside of the depletion
layer. If electrons and holes both ionize apprecialy1),
on the other hand, those holes moving to the left create eleavas developed by Mcintyr®. The noise of an APD per unit
trons that move to the right, which, in turn, generate furtheandwidth can be described by the formula
holes moving to the left, in a possibly unending circulation. 0 2
Although this feedback process increases the gain of the de- (Ih)=2q1p{M)°F, (73
vice (i.e., the total generated charge in the circuit per photowherel ;, is unmultiplied photocurrentsigna), (M) is the
carrier paij, it is nevertheless undesirable for several rea-average avalanche gain arfd is the excess noise factor
sons: it is time consuming and therefore reduces the devicehich turns out to be related to the mean gain and the ion-
bandwidth, it is random and therefore increases the devicization ratio by
noise, and it can be unstable, thereby causing avalanche

+

Electric field

/

FIG. 10. Reach-througp*--p-n* APD structure.

breakdown. It is therefore desirable to fabricate APDs from g— k(M)+(1—k)< 1— i) (74)
materials that permit only one type of carrigither elec- (M)
trons or holesto impact ionize. If electrons have the higher In p-n and p-i-n reverse-biased photodiodes without

ionization coefficient, for example, optimal behavior is gain,(M)=1, F=1 and the well-known shot noise formula
achieved by injecting the electron of a photocarrier pair aiyj|| indicate the device's noise performance. In the ava-
the p edge of the depletion layer and by using a materialanche process, if every injected photocarrier underwent the
whose value ok is as low as possible. If holes are injected, same gainM, the factor would be unity, and the resulting
the hole of a photocarrier pair should be injected atrthe noise power would only be the input shot noise due to the
edge of the depletion layer arkdshould be as large as pos- random arrival of signal photons, multiplied by the gain
sible. The ideal case of single-carrier multiplication issquared. The avalanche process is, instead, intrinsically sta-
achieved wherk=0 or cc. tistical, so that individual carriers generally have different
In an optimally designed photodiode, the geometry ofavalanche gains characterized by a distribution with an aver-
the APD should maximize photon absorptifor example, age(M). This causes additional noise called avalanche ex-
by assuming the form of p-i-n structure and the multipli-  cess noise, which is conveniently expressed byRHactor
cation region should be thin to minimize the possibility of in Eq.(74). As was mentioned above, to achieve a Bynot
localized uncontrolled avalanchéastabilities or microplas- only muste, and ay, be as different as possible, but also the
mag being produced by strong electric field. Greateravalanche process must be initiated by carriers with the
electric-field uniformity can be achieved in a thin region. higher ionization coefficient. According to Mcintyre’s rule,
These two conflicting requirements call for an APD design inthe noise performance of ADP can be improved by more
which the absorption and mu|tip|icati0n regions are Separatéhan a factor of 10 when the ionization ratio is increased to 5.
For example, Fig. 10 shows a reach-throygh - 7-p-n* e. Space-charge limited currentin the case of wide
APD structure which accomplishes this. Photon absorptiofand-gag-n junctions, the forward current—voltage charac-
occurs in the wider region (very lightly dopedp regiory.  teristics are often described by equation
Electrons drift through ther region into a thinp-n* junc- qV
tion, where they experience a sufficiently strong electric field  Je exp( —) , (75
i . . BKT
to cause avalanching. The reverse bias applied across the
device is large enough for the depletion layer to reachwhere the diode ideality factg8>2. This value ofB does
through thep and 7 regions into thep™ contact layer. not fall within the range that results when diffusion current
A comprehensive theory of avalanche noise in APDs(8=1) or depletion layer curren{3=2) dominate the
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forward-bias current conduction. This behavior is typical for 5
an insulator with shallow and/or deep traps and thermally €

generated carriers.

Space-charge limitedSCL) current flow in solids has
been considered in detail by Ro¥d,ampert, and Mark+®
They loosely defined materials with;<2 eV as semicon-
ductors and those with;=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 insulator
with ohmic contacts, electrons will be injected into the bulk
of the material to form a current which is limited by space-
charge effects. When trapping centers are present, they c

logl
logl
logl

N0,

VTFL
logV

VTFL
logV

0 0

: logV
(b)

0 0

logv

(a © (9

FIG. 11. Schematic drawings of the logarithmic dependence of current vs

voltage for(a) an ideal insulator(b) a trap-free insulator with thermally

generated free carrier&;) an insulator with shallow traps and thermal free
arriers, andd) an insulator with deep traps and thermal-free carriafter

ef. 46.

ture many of the injected carriers, thus reducing the density

of free carriers.

At low voltages where the injection of carriers into the
semiinsulating material is negligible, Ohm’s law is obeyed
and the slope of thd—V characteristics defines the resistiv-
ity p of the material. At some applied voltalyfg,, the current

For the purpose of illustration of the above phenomenon
in semiinsulating materials, consider the four lbgs logV
graphs in Fig. 11. Figure 14) represents an ideal insulator

begins to increase more rapidly than linearly with appliedwherel=V?, indicating SCL current flow. In other words,

voltages. Here/q is given by

t2

Viy=47x10'qp, = (76)

wheret is the thickness of the semiinsulating material, andgree carriers No-

p; is the density of trapped holes, if one carrieroles space-

there are no thermally generated carriers resulting from
impurity-band or band-to-band transitions; the conduction is
only within the conduction band as a result of carrier injec-

tion. As shown in Fig. 1), ohmic conduction is obtained

in trap-free insulators in the presence of thermally generated
When the injected carrier density; ex-

ceeds ng(nj,>ng), ideal insulator characteristics are

charge limited current is considered. As the voltage is congpgerved («V2). Shallow traps contribute to ak<V?2 re-

tinuously increased beyondy,; additional excess holes are

gime at a lower voltage followed by a sharp transition to an

injected into the material and the current density is given bYqaa| insulator square-law regime as shown in Figcl1

2

J=101%3 ev (77
Mhed 17

The sharp transition corresponds to an applied voltsfgg.
required to fill a discrete set of traps which are initially un-
occupied. Figure 1) illustrates the case of a material with

whered is the probability of trap occupation determined as adeep traps which have become filled whep, becomes

ratio of the densities of free to trapped holes. Heis given

el

E
kT

B:&ex
P N

6 (78)

where N, is the effective density of states in the valence

band,N; is the density of traps, an, is the depth of traps

comparable ta, . The voltage at which this occurs s, .
Therefore, alV<Vyg_ ohmic conduction is observed and at
V>V;g SCL current flow dominates.

3. Response time

The upper-frequency response of a photodiode may be

from the top of the valence band. When the applied voltageletermined by basically three effects: the time of carrier dif-

further increases, the square-law region of &) will ter-

fusion to the junction depletion regioty; the transit time of

minate in a steeply rising current which increases until itcarrier drift across the depletion region, and theRC time

becomes the trap-free SCL currents given by

2

31210 Bupe oy (79)
MhE 2"

The density of trap®; can be determined from the volt-

age Vg at which the traps are filled and the currents rise

sharply

2

Vip =47 X 10MgN, t; . (80)
The trap depthE; can also be calculated from the Eq.

(80) using the value oN;. But if Eq. (77) is measured as the

function of temperature and a plot of (%% vs 11T is

possible E; andN; can be obtained directly from these data

without referring to Eq(80).

J. Appl. Phys., Vol. 79, No. 10, 15 May 1996

constant associated with circuit parameters including the
junction capacitanc€ and the parallel combination of diode
resistance and external loathe series resistance is ne-
glected.

Photodiodes designed for fast response are generally
constructed so that the absorption of radiation occurs in the
p-type region. This ensures that most of the photocurrent is
carried by electrons which are more mobile than holes
(whether by diffusion or drift The frequency response for
the diffusion process in a backside illuminated diode has
been calculated by Sawyet al*’ as a function of diode
thickness, diffusion constant, absorption depth, minority car-
rier lifetime, and surface-recombination velocity. Assuming
that the diffusion length is greater than both the diode thick-
ness and the absorption depth, the cutoff frequency where
the response drops b, is given by

Appl. Phys. Rev.: M. Razeghi and A. Rogalski 7449
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FIG. 12. Equilibrium energy band diagram of Schottky barrier juncti¢as:
metal{n-type) semiconductor(b) metal{p-type) semiconductor.

2.43D
fdiﬁ:z_ﬂ'tT’ (81)
whereD is the diffusion constant antdis the diode thick-
ness.
The depletion region transit time is equal to
_Wdep

= y
Us

(82

wherewge, is the depletion region width and is the carrier

Pon= Pm— Xs (84)

and

d)bp: Xst Eg_ bms

respectively, whergs is the electron affinity of the semicon-
ductor. The potential barrier between the interior of the semi-
conductor and the interface, known as band bending, is given

by
Ps= pm— ds

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

In the literature, there are numerous and considerable
variations among experimental data ¢p .*® Their analysis

(89

(86)

saturation drift velocity in the junction field, which has a indicates an empirical relationship of the t§pe
value of about 10cm/s. The frequency response of a transit

time limited diode has been derived by Gartffer.

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

ARy
TRC:_Z

N 1/2
Qeoes ) . 83)

\Y
Rr=R4(Rs+R)/(Rs+ Ryt R, ) whereRg, Ry, andR, are

the series, diode, and load resistances. To reduceRtbe

(87

wherey, and vy, are constants characteristic of the semicon-
ductors. Two limit cases, namely=0 andy,;=1 indicative

of Bardeen barriefwhen influence of localized surface states

is decisive and ideal Schottky barrier, respectively, can be

visualized from such an empirical relation. It has also been
pointed out by various workers that the slope parameter
v=0ddpl I, can be used for describing the extent of Fermi

bb=Y1Pm™T V2,

time constant, we can decrease the majority carrier concefigyg| stabilization or pinning for a given semiconductor. The

tration adjacent to the junction, increa¥eby means of a

parametersy; and y, have been used by some workers for

reverse bias, decrease the junction area, or lower either tr&timaﬁng the interface state density.

diode resistance or the load resistance. Except for the appli-

It was shown by Cowley and SF&hat, according to the

cation of a reverse bias, all of these changes reduce the dgz,qdeen model. the barrier height in the case ofhagpe
tectivity. The trade-off between response time and detectiVgemiconductor i,s given approximately by

ity is then apparent.

D. Schottky barrier photodiodes

Pon= 7(¢m_Xs)+(1_7)(Eg_¢0)_A¢’ (88)

where y=gi(e;j+qéDg). The termdy is the position of the

Schottky barrier photodiodes have been studied quitgieutral level of the interface states measured from the top of
extensivel§* and have also found application as ultravioletthe valence bandA¢ is the barrier lowering due to image

detectors. These devices reveal some advantagespewer

forces, 6 is the thickness of the interfacial layer, andits

junction photodiodes: fabrication simplicity, absence oftotal permittivity. The surface states are assumed to be uni-
high-temperature diffusion processes, and high speed of réermly distributed in energy within the band gap, with a

sponse.

1. Schottky —Mott theory and its modifications

density D, per electron volt per unit area. If there are not
surface stated) ;=0, and neglecting ¢, Eq.(88) reduces to
Eq. (84). If the density of states is very higly,becomes very

fying property of the metal-semiconductor contact arises; very small deviation of the Fermi level from the neutral
from the presence of an electrostatic barrier between thwel can produce a large dipole moment, which stabilizes
metal and the semiconductor which is due to the differencene barrier height by a sort of negative feedback effect. The
in work functions¢y, and ¢, of the metal and semiconductor, Fermi level is pinned relative to the band edges by the sur-
respectively. For example, for a metal contact wittatype  {5ce states.

semiconductor,¢y, should be greater, while for a-type A similar analysis for the case offatype semiconductor
semiconductor it should be less theig. The barrier heights  ghows thaigy,, is approximately given by

in both these cases, shown in Figs(d2nd 12b), are given

by ¢bp: Y(Eg_¢m+)(s)+(l_7)¢0- (89
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< lea determines emission, and the existence of a net current flow
- N.b does not affect this equilibrium. Bethe's criterion for the
\r . slope of the barrier is that the barrier must decrease by more
qv| | — E thankT over a distance equal to the scattering length. The
E. k ‘c F resulting current flow will depend only on the barrier height
| d and not on the width, and the saturation current is not depen-
; | dent on the applied bias. Then the current density of majority
- — E. carriers from the semiconductor over the potential barrier

into the metal is expressed as

qVv
FIG. 13. Four basic transport processes in forward-biased Schottky barrier Jmst=Jsq €x ,BkT -1, (97)
on ann-type semiconductofafter Ref. 49.
where saturation current density

Hence if ¢bn‘ and ¢y, refer to the same metal on- and Jy=A*T2 exr{ _ ﬁ) (92)
p-type specimens of the same semiconductor, we should KT

have and A* =4mwgk’m*/h® equal 120(*/m) Acm 2 K 2 is

bon= du=Egq (90)  the Richardson constamy* is the effective electron mass,

, ) ) ) .and B is an empirical constant close to unity. Equati®i)
if the semiconductor surface is prepared in the same way I similar to the transport equation fpen junctions. How-

both cases, so that &, Dy, and ¢, are the same. This oo the expression for the saturation current densities are
relationship holds quite well in practice. It is usually true thatquite different

Pon>Egl2, and ghyn> gy It appears that the diffusion theory is applicable to low-
mobility semiconductors and the current density expressions
2. Current transport processes of the diffusion and thermionic emission theories are basi-

The current transport in metal-semiconductor contacts i§ally very similar. However, the saturation current density
due mainly to majority carriers, in contrastpen junctions,  for the diffusion theory
where current transport is due mainly to minority carriers. 92D N, [Q(Vbi—V)ZNd}

The current can be transported in various ways under for- Jgq= T
ward bias conditions as shown in Fig. 13. The four processes
are#® varies more rapidly with the voltage but is less sensitive to
temperature compared with the saturation current dedgity

(@ emission of electrons from the semiconductor over the O .
S of the thermionic emission theory.
top of the barrier into the metal,

(b) quantum mechanical tunneling through the barrier A synthesis of the thermionic emission and diffusion ap-
(©) recombination in the space-charge region ' proaches described above has been proposed by Crowell and

S ) . Sze®® They assumed Bethe’s criterion for the validity of the
(d) recombination in the neutral regiofequivalent hole - .
injection from the metal to the semicondugtor therm|0n|c _err_ussmr_(the mean fr_ee path should excee_:d the
distance within which the barrier falls bkT/q from its

The inverse processes occur under reverse bias. In addiraximum valu¢ and also took into account the effects of
tion, we may have edge leakage current due to a high electrigptical phonon scattering in the region between the top of the
field at the contact periphery or interface current due to trapbarrier and the metal and of the quantum mechanical reflec-
at the metal-semiconductor interface. tion of electrons which have sufficient energy to surmount

The transport of electrons over the potential barrier havehe barrier. Their combined effect is to replace the Richard-
been described by various theories, namely: diffusfof, son constanfA* with A** =f,f A", wheref is the prob-
thermionic emission® and unified thermionic emission ability of an electron reaching the metal without being scat-
diffusion° It is now widely accepted that, for high-mobility tered by an optical phonon after having passed the top of the
semiconductors with impurity concentrations of practical in-barrier, andf is the average transmission coefficient. The
terest, the thermionic emission theory appears to explaitermsf, andf, depend on the maximum electric field in the
qualitatively ~ the  experimentally  observed 1-V  barrier, the temperature, and the effective mass. Generally
characteristicS! Some worker¥ have also included in the speaking, the produdt,f, is on the order of 0.5.
simple thermionic theory the quantum effe@ts., quantum-
mec_hanical reflectiqn and tun_neling _o_f carriers_through they RoA product and responsivity
barriep and have tried to obtain modified analytical expres- ) )
sions for the current—voltage relation. This, however, has Knowing Jg with Eq. (92), RoA can be calculated from
essentially led to a lowering of the barrier height and a dust) * kT k oy
rounding off of the top. (RoA)ms= (W) 9. aA T exp(ﬁ_

L . . . o At 0

The thermionic emission theory by Betfids derived lv=0
from the assumptions that the barrier height is much larger According to Eq.(1), the current responsivity may be
thankT, thermal equilibrium is established at the plane thatwritten in the form

(93

€08s

. (99
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gr 10"

Ri=t 7 (95 g B
and the voltage responsivity 10" P — T(2*hv)"=Ideal detector limit

gA -/ _KBr+ LiF (FM)

R,= R 7R, (96) 107 a CsTe + sapphire (PM)
whereR= (dI/dV) !is the differential resistance of the pho- 10" o /T‘lj'{'/agfs's'sph.i’ﬁ’)°ath°de
todiode. [ Ge(PC) AC bias

—_ 1015; GaAs photocathode (PM)
Z C -V alloy
E. Comparison of different types of semiconductor ; ur “~ photcathode (PM)
photodetectors s 107 .
s [CdS Si avalanche

At this point it is important to discuss some important % 137(PC)
differences between photoconductivp;n junction and a 107 Ag-O-Cs
Schottky barrier detectors. i (§"PM) )

The photoconductive detectors exhibit the important ad- 10— Sip-n junction
vantage of the internal photoelectric gain, which relaxes re- s{ Schottky Si(P PhOtoFET
quirements to a low noise preamplifier. The advantages of qon -barrier
p-n junction detectors relative to photoconductors are: low B
or zero bias currents; high impedance, which aids coupling -
to read-out circuits in focal plane arrays; capability for high- 0"
frequency operation and the compatibility of the fabrication [ CdSe(PC)
technology with planar-processing techniques. In compari- 10’0 ‘ 0_'4 ‘ 013 | 1_12 | 116 | 210 | 24

son with Schottky barriers, the-n junction photodiodes
also indicate some important advantages. The thermionic
emission process in Schottky barrier is much more efﬁCi(':‘m:IG. 14. Detectivity vs wavelength values of 0.1-Juth photodetectors.
than the diffusion process and, therefore, for a given built-inpc indicates a photoconductive detector and PM indicates a photomultiplier.
voltage, the saturation current in a Schottky diode is severdpetector areas are given in Table(dfter Ref. 26.

orders of magnitude higher than in tpen junction. In ad-
dition, the built-in voltage of a Schottky diode is smaller than
that of ap-n junction with the same semiconductor. How-
ever, high-frequency operation pfn junction photodiodes
is limited by the minority-carrier storage problem. In other
words, the minimum time required to dissipate the carriers
injected by the forward bias is dictated by the recombinatio iency semiconductor detectors in the whole UV range has
lifetime. In a Schottky barrier, electrons are injected from the een hampered by the extremely strong absorption and
semiconductor into the metal under forward bias if the semiSt'ONd radiation induced aging effects in most of the semi-

conductor isn type. Next they thermalize very rapidly c_(l)_nductohr_ nr:a(tjerlals. It is espeﬁallly V|S|_bleh|n the case Iof
(=10 s) by carrier—carrier collisions, and this time is neg- siflicon Wd'c » due to m?turedt?c fn%qu’_'St ]? mozt poputar
ligible compared to the minority-carrier recombination life- SMiconductor material used for fabrication of UV detectors.

For this semiconductor the photon penetration depth ranged

Wavelength (um)

by the square root of the detector area. The signal fluctuation
limit shown in Table Il is independent of ardaee Sec.
nA).

Historically, the development of a high quantum effi-

time. from less than 10 nm in the NUV and MUV to 1Qam for
10 keV x rays[see Fig. 16)].2 The absorption lengths for
three semiconductor materials, Si, GaAs, and GaP as well as
gé;i{g:rcsonducmr materials used for ultraviolet for Si0, and Au(photoemissive gold diode is the most com-

Different semiconductor compounds have been used to
TABLE Il. Areas of detectors illustrated in Fig. 14.
fabricate photodetectors with spectral responses in the UV
region. Figure 14 shows the spectral detectivity of optical Detector Area(cm?)
detectors responding in the 0.1-1u2n region. Note that

S * . CdS photoconductoiPC) 1
detectlylty is nc_)iD_ , but rather_ rt_amprocal of NEI_3 fa 1 Hz CdSe photoconductdPC) 1
bandvyld.th. This figure _of merit is employed to include pho- ;i schottky barrier photodiode 0.03
tomultipliers whose noise does not in all cases depend upon Sj p-n junction photodiode 0.25
the square root of the photocathode area. Table Il lists the Siphotoconductor 0.25
areas which Seib and Aukermdrstate are proper to the  Siavalanche photodiode 0.07
various detectors illustrated. The reader can convert to the S° PhotoconductoO 0-20

. . ) . Ge ac bias photoconduct@®C) 2.4x107°
D* values appropriate to the photoconductive and photovol-  ppotomultiplier(PM) 1.0

taic detectors by multiplying the detectivity value illustrated
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TABLE Ill. Johnson (Ref. 60 and Keyes(Ref. 61 figures of merit for

, | Wavelengt1h (nm) , electronic devices fabrication in the Si, Ge, GaAs, 6H and 3C SiC, and GaN
10° 71\0\‘ T 10\ T 19\ TTT 19 T - 5y5tem5(aﬂef Ref. 58-a
Evy2m (VIS) oy(cvddme)Y? (W/deg Breakdown field
10° Material Johnson Keyes (V/icm)
= T Si 2x 101 6.7x107 4x10°
E 1 \V
S 10'E Ge <10t 1.5x10 2.5x10°
£ GaAs <10t 2.7x10 5x10°
g I 6H-SIiC 1.3¢10%3 35x107 4x10°
= 10%: 3C-sic  1.x10® 39x 107 3x10°
% F GaN 1.6x10% 12x10" on GaN 4 10°
5 30-40x10" on SiC
210
Ke)
<

8, breakdown fieldy ¢ saturation electron drift velocityg; thermal con-
ductivity, £ dielectric constant.

-
A
T

10 e detectors are mainly fabricated using Si. Many of the appli-
10° 10’ 10° 10° 10* cations for UV detection involve hostile environments such
(@) Photon energy (eV) asin situ combustion monitoring and satellite-based missile
plume detection, where the ruggedness of active UV detector
10° material is an important advantage. Other applications capi-
L talize on the sensitivity of wide band-gap semiconductor de-
tectors, such as air quality monitoring, gas sensing, and per-
sonal UV exposure dosimetry. Industries such as the
aerospace, automotive, petroleum, and others have continu-
ously provided the impetus pushing the development of
fringe technologies which are tolerant of increasingly high
temperatures and hostile environments. In the field of optical
devices, several trends are pushing research into new mate-
rials. Considering the relatively advanced stage of SiC devel-
opment, it appears that most high-temperature, high-power
electronic devices will be fabricated from that material. The
wide band-gap energy also permits fabrication of SiC UV
detectors. A technological progress in fabrication of materi-
als based on the IlI-V nitrides together with their inherent
favorable properties, make IlI-V nitrides the most promising
semiconductor materials for application in the UV wave-
length rang&’=>° IV nitride devices will be capable of
100 .- improved high power and temperature operation due to their
. large band gaps.
T, ST v e GaN has many advantages over SiC for applications, but
(b) Photon energy (eV) lags in development. While its thermal conductivity, thermal
stability, chemical inertness, breakdown fields, and band gap
FIG. 15. Absorption lengths of silicofa) and various materialé) in the  are all roughly comparable to SiC, its optoelectronic proper-
UV spectral region(after Refs. 8 and 56 ties will be superior. GaN has a direct band gap, so
momentum-conserving transitions connect states having the
samek values. Therefore, GaN is one of the most promising
mon transfer detector in the spectral range above 25@ey/ materials for light-emitting devices in the blue, violet, and
shown in Fig. 18b) for photon energies between 30 eV and ultraviolet spectral regions. Table Il compares SiC and GaN
6 keV, corresponding to wavelengths between 40 and 0.8 the conventional semiconductors for power electronic ap-
nm. Especially for photon energies below about 700 eV, glications. The Johns8hand Keye§' figure of merit pro-
great part of the incident radiation is absorbed in the firsvides an estimate of the suitability of a material for power
several hundred nanometers of a semiconductor detector. Relectronics. Because of the wide band gap of GEj=3.4
garding the absorption lengths at higher photon energies, thel) there is no responsivity to infrared radiatidong wave-
sensitive depth of a semiconductor detector should be of thiength cutoff occurs at 365 nnwhich is important in many
order of at least 1Qum to avoid the penetration of photons applications whenever it is desirable to detect UV in a visible
through this sensitive volume. For high-energy detectionand infrared background. It should be expected that GaN
usually the depletion layer is taken as sensitive volume. radiation resistance is superior to SiC. Initial results indicate
Figure 14 shows that different semiconductors cover thehat ohmic contacts to GaN will be superior to those possible
UV spectral range. However, the modern semiconductor UMvith SiC. Finally, the ease with which heterostructures can

10°

10°

Absorption length (um)

10"
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TABLE IV. Comparison of important semiconductor properties for high-temperature electfaftesRefs. 57

and 58.
3C-SiC
Parameter Si GaAs GaP (6H-SIQ GaN Diamond
Lattice parametergA) a=5.4301 a=5.6533 a=4.36 a=3.189
(a=3.09 ¢=5.185
(c=15.12
Band gap(eV) 11 14 2.3 2.2 3.39 5.5
at 300 K (2.9
Coefficient of thermal 3.59 6.0 5.59
expansion(10* K™% 4.2 3.17
(4.68
Maximum operating 600? 7607 1250? 1200 1400?
temperaturgK) (1580
Melting point (K) 1690 1510 1740 Sublimes Phase
>2100 changes
Physical stability Good Fair Fair Excellent Good Very good
Electron mobility (cn?/V s) 1400 8500 350 1000 900 2200
at 300 K (600
Hole mobility (cm?/V s) 600 400 100 40 1507 1600
at 300 K
Breakdown voltage 0.3 0.4 4 5? 10
(10° Vicm)
Thermal conductivity 15 0.5 0.8 5 1.3 20
(W/cm)
Saturation electron drift 1 2 2 2.7 2
velocity (10" cm/s
Static dielectric constant 11.8 12.8 111 9.7 9 55

be formed with AIN and InN alloys is a great advantage forover a period of years.

more complex device structures. Two types of silicon UV detectors are fabricated:

' The wurtzite polytypes of QaN, AIN, and InN form con- ) diffused photodiode,

tinuous alloy systems whose direct band gaps range from 1. ) Schottky barrier photodiode

eV for InN, to 3.4 eV for GaN, to 6.2 eV for AIN. Thus, the ’

[1I-V nitrides could potentially be fabricated into optical de- In the diffusion photodiode a depletion layer is formed

vices which are active at wavelengths ranging from the redetween the- andn-doped layers, in a Schottky diode it is

well into the UV. Table IV compares relevant material prop-formed at the semiconductor-metal interface.

erties of SiC and GaN with Si and GaAs, the two most popu-, . .
. . . . A. Diffused photodiodes

lar semiconductor device technologies, and GaP and dia-

mond, two other contenders for high-temperature operations. Figure 16 shows a typical spectral dependence of quan-

Diamond has long been recognized as a promising materidim efficiency of the older types of silicon photodiodes. The

for fabricating robust, solar-blind radiation detectors. How-quantum efficiency of this device is considerably lower than

ever, due to technological limitation, diamond is still poten-the theoretical value between 1400 and 2000 A. Addition-

tial material for future technologi€$:®?> The device maxi-

mum operating temperature parameter given in Table IV is

calculated as the temperature at which the intrinsic carrier 80 3

concentration equals610t° cm™2 and is intended as a rough 0L

estimate of the band gap limitation on device operation.

More important for the maximum operating temperature is

the physical stability of the material.

\ UV444A (windowless)

June 1976
— — — May 1976

IV. Si ULTRAVIOLET DETECTORS

Quantum efficiency (%)
s
o
T

Silicon photodiodes, originally designed for the visible
spectral range, can be also used in the UV region. Arrays of
silicon photodiodes are fabricated by a number of manufac- 10
turers, e.g., the most commonly used arrays for astronomical
spectroscopy are fabricated by EG and Reti®bBuilding a
silicon photodiode with a high ultraviolet quantum efficiency
has not been the problem. The problem has been to maintajfig. 16. Quantum efficiency of older design silicon photodicafter Ref.
that high quantum efficiency under ultraviolet irradiation ande4).

0 L L \
1200 1600 2000 2400 2800 3200

Wavelength (5\)
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FIG. 18. Quantum efficiency of inversion layer silicon photodiodg®T
standard UV 100 photodiodesompared to the efficiency of typical fluo-
n‘-region rescing coatingsafter Ref. 64.

(© N p-type region

===

n-type Si

Since the junction creation process results in a built-in field
“—--Cr-Au contact which is optimum for removing minority carriers from the
oxide—silicon interface, these devices are less prone to re-
FIG. 17. Schematic diagram of the silicon UV photodiod@:invgrsion combination and trapping effects, and thus higher UV quan-
layer type;(b) phosphorus difiused typé on p); and (c) boron-difiused 1 otficiency can be achieved than in the case of diffused
type (p onn) (after Ref. 67. h - ’
junction photodiodes.

Figure 18 shows spectral dependence of quantum effi-
ally, this photodiode is almost dead to UV photons of wave-ciency of UDT standard UV 100 inversion layer photodiodes
lengths shorter than 1200 A, presumably because of a thickhich had 1200 A anti-reflection layers of oxide. The ab-
anti-reflecting silicon dioxide layer on the front surface. Thesence of any dead region at the front surface of these diodes
majority of the oldest types of silicon photodiodes had ahas been verified by internal quantum efficiency measure-
dead region at their surface, so carriers generated by Uvhents in the 250—-500 nm spectral range. These diodes are
photons were lost in this region before they could be col-also almost dead below 1200 A because of the thick silicon
lected by thep-n junction, leading to a loss of quantum oxide anti-reflecting coating on the front surface. Because
efficiency. The susceptibility of the oxide—silicon interface the inversion layer charge which causes the semiconductors
to high levels of UV radiation has been known about at leassurface inversion is situated within the first 100 A of silicon
since 1966° Even if a photodiode had 100% internal quan- oxide from the semiconductor surface, any efforts to extend
tum efficiency, a thick silicon dioxide layer on the diode the diodes response below 1200 A by reducing the silicon
surface would reduce the quantum efficiency in the 400 tmxide coating to a few tens of angstroms is undesirable.
1200 A region drastically. Instabilities were also encountered with this type of pho-

To overcome the above-mentioned difficulties, it hastodiode. Inversion layer diodes have a low linearity range
been proposed and demonstrated that natural inversion layé&he range over which the diode current is proportional to
photodiode® should have an internal short-wavelengthinput irradiance due to the inherently high sheet resistance
guantum efficiency of 100% due to the nature of the built-inof an inverted semiconductor layer. Moreover, it appears that
field associated with a strongly inverted layer at the oxide-the fixed oxide charge that induces the inversion layer in the
silicon interface. Figure 1@ shows a schematic diagram of diode was neutralized as a result of UV irradiatférSince
this photodiode. The inversion layer is contacted viarnfie the inversion layer charge decreases with decreasing oxide
diffusion by means of the inner metal ring. The outer metalcharge, the diode inversion layer resistance, which is in se-
ring contacts thg™ guarding and thereby the substrate. ries with the diode, would increase. Thus the threshold value
The substrate can also be connected viaghaliffusion on  of forward bias needed to cause a nonlinearity could be
the backside. Hans&hhas fabricated the photodiodes on dropped across the increased series resistance by a small
100 Q) cm substrates, which corresponds to an acceptor corvalue of photocurrent, resulting in a loss of linearity range.
centration of 1.410' cm™3. The substrates were oriented The best quality Si photodiodes for UV applications
along the(111)-direction. The oxide, which also serves as anhave been developed by Korde and co-worké&fg:5%70
anti-reflection layer, was grown in dry oxygen. The intrinsic They used different methods of junction fabrication, but the
fixed positive charge within the SiZauses th@-type sub-  better results have been obtained using defect-free afSenic
strate to undergo inversion, and thus induces a very thimnd phosphor° diffusions.
n-type region adjacent to the SjSi interface, and forms the Figure 17b) is a schematic diagram of diffused type Si
required p-n junction. Such devices have an oxid€ p photodiode. The starting material was a float-zdaé)) ori-
structure and are available commercially, e.g., UDT-U¥%0. ented,p-type, 10002 cm, one side mirror polished, silicon
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FIG. 20. Internal quantum efficiency as a function of wavelength for
phosphorus-diffused photodiodafter Ref. 67.
10" | | | | |
0 01 02 03 04 05 06
Depth (um) and Geist the most important steps in obtaining a UV-

nhan hotodi te:
FIG. 19. Carrier concentration profiles of boron diffusionpion-n photo- enhanced P otodiode afé

diodes, and of phosphorus diffusionriron-p photodiode(after Ref. 67. (1) extremely high-purity chemicals for wafer cleaning,
(2) a clean oxide process, such as described by Botthek,
(3) special annealing procedifeto prevent UV-induced
wafer having 1 crhactive area. After thep” channel stop charge neutralization in the oxide, as well as to render
andn” guard ring were formed by selective boron and phos-  the oxide—silicon interface less susceptible to UV radia-
phorus diffusions, respectively, arsenic was predeposited in  tjon,
the active area of the device using a planar arsenic sourceq) careful procedure of deposition of ohmic contais
The arsenosilicate glass formed during the predeposition was  g|ectron-beam evaporatipn
etched in 10% hydrofluoric acid and the final passivating ) .
Si,O anti-reflection coating with a thickness of about 600 A N on p photodiodes are inherently more stable than the
was grown in dry oxygen. A standard photolithographic pro-commonly used boron-diffused devices baseddgpe sili-
cess was used to open windows at the desired locations in tf@N- Boron migrates from the silicon surface into the oxide

diffused regions, and aluminum was vacuum evaporated ofluring the final thermal oxidation step. The resulting accep-
these windows for ohmic contacts. tor profile, which is depleted in the vicinity of the oxide—

Since UV radiation is absorbed in the first few hundregsilicon interface, creates a built-in electric field perpendicular
nanometers of silicon, the doped diffusions were kept shall® the interface, directed toward the bulk. The resulting elec-
low to minimize the possibility of recombination between tric field attracts the photogenerated minority carrigiec-
the oxide—silicon interface and the junction. Low- trons created in the diffused region towards the oxide—
temperature dopant deposition and drive in were adopted tﬁilicon interface, 'gre'atly enhancing the carrier loss due':.to
get a shallow junction, about 02m. The carrier concentra- mterface_ recombination. The results of a Iong-Ferm_ stability
tion profiles of diffused photodiodes are shown in Fig. 19. test(baking for several months at 110f€hown in Fig. 21

It appears tham-type impurities such as phosphorus and
arsenic tend to pile up in the silicon during the oxide growth,

creating a built-in electric field near the oxide—silicon inter- 0.26
face, which eliminates interface recombinatior”So a high 024 Phosphorus diffused (P4)  Z15%
minority carrier lifetime in the diffused region results in % :
100% internal quantum efficiency, which is shown in Fig. T 022 Boron diffused (B4) 3%
20. The increase in internal quantum efficiency below 350 € \Mw
nm is caused by impact ionization involving energetic pho- g 0.20 o
togenerated carriers, while the decrease in internal quantum Inversion layer (13) 1%
efficiency above 600 nm is caused by the recombination of ‘E 0.18 Boron diffused (B5)
some of the minority carriers created in thetype silicon @ Standard diode process
beyond the depletion region. Q 016

As possible causes of instability of quantum efficiency é
of silicon UV photodiodes, we can distinguiShunsatisfac- 0.14 — ggggac:gf:is:;ie(B?gcess
tory silicon—oxide interfaces, latent recombination centers in | P ‘
the diffused layers, and moisture absorption by the device. 0'121 o' 102 10° 10*
Meticulous care as described in Ref. 67 is necessary during High temperature burn-in time (hours)

the fabrication of devices. A dry, clean oxide process during
the _growth Of _the fm'fll anti-reflection coating IS essential torig. 21. Change in spectral responsivity at 400 nm as a function of duration
achieve stability against UV exposure. According to Kordeof exposure to 110 °Cafter Ref. 6.
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Si based on a value of 3.63 eV per electron-hole pair, not including reflec-

FIG. 22. Measured quantum efficiency of Si photodiodes with 46 and 28 Ation losses(after Ref. 70.
of oxide (after Ref. 70.

indicate little or no change in responsivity of the phosphor-background noise level to assist in the detection of a rela-
ous diffused and inversion layer devices, while the borontively weak source. Si photodiodes for VUV technology are
diffused devices fabricated using the standard process exhiltypically made with a very thin passivating silicon dioxide
ited a monotonic decrease in responsivity during thesurface layer, as described previously.
prolonged baking. The mean energyy, required for electron-hole pair cre-
Further improvement in the fabrication of Si UV photo- ation depends on the band gap of a semiconddét&ior
diodes has been achieved by reduction of the silicon dioxidexample, experimental values farare 3.61 for Sf24.2 for
layer to a thickness between 40 and 8G“° The thinner GaAs®® and 6.54 for GaP* If these pairs are created in the
oxide should lead to photodiodes with higher quantum effi-depletion layer or if they diffuse into the space-charge re-
ciency stability because of the smaller volume available fogion, they are separated by the internal electric field giving
generation of electron-hole traps which are invariably causedse to an external photocurrent. Figure 23 shows that the
by the diode exposure to humidity and UV radiation. Produc-quantum efficiency of Si photodiodes nearly approaches the
tion of the electron-hole traps in the passivating silicon di-predicted slope of 3.63 eV per electron hole created. These
oxide layer is one of the major causes for quantum efficiencyypes of photodiodes can also be optimized for the soft x-ray
changes in silicon photodiodes. Figure 22 shows consideregion®?
able improvement of quantum efficiency in a short wave-  One significant shortcoming of Si photodiodes for cer-
length region for photodiodes with 46 A of oxide layer. Re-tain VUV applications is the inherent broadband response
duction of the oxide thickness is limited by a critical extending from x rays to the near infrared. This broadband
thickness below which device behavior is unacceptdble. characteristic is often undesirable in many applications. The
The performance of the 28 A sample is seriously degradedaddition of a thin film of a suitable filtering material to the
Not only is the efficiency of the 28 A sample reduced, but itssource of such a photodiode can accomplish the restriction of
exposure stability is quite poor. the sensitivity of the silicon to a much narrower band, or
Improvements in the performance of Si UV photodiodesbands, in the VUV
still require improved oxide formation techniques. Novel Si A schematic of the optically filtered photodiode is shown
UV photodetector structures are continuously designed anith Fig. 24. The photodiodes were fabricated on 100-nm-diam
fabricated’”>’® Also the amorphous Si U\p-i-n photo-  p silicon wafers that have p-type epitaxial layer about 5
diodes have been fabricated successfllli{f Enhancement um thick. Before the active area formation, a deep junc-
UV response of amorphous SiC/Si heterojunctions in thdion, ap™ channel stop, and am" guard ring were created
200-400 nm wavelength region has been achieved by usingy diffusion. The purpose of the side junction is to improve
high optical gapa-SiC:H as the front layer, by the reduction the degree of discrimination against unfiltered radiation by
of the front-layer thickness, and by using low-level phos-isolating carriers resulting from radiation entering the sides
phorus doping in thé-a-Si:H layer’® of the structure from the main detection circuit. The active
area of 1 criwas produced by phosphorous/arsenic doping,
followed by the thermal growth of a 15-nm-passivating sur-
face oxide layer. The front surface of the photodiode was
Detectors for the vacuum ultraviol8fUV) region must  coated with the filter materials. Useful bandpasses in the
usually be operated in a clean, ultrahigh vacuum environVUV were selected: Al/C, Al/C/Sc, Ti, Sn, and Ag. The
ment, and must be free from interactive degradation in thdilters have bandpasses ranging from 10 to 50 nm and are
presence of radiation. Further, they should possess a losommonly used in the region 0.1-80 nm.

B. Si photodiodes for vacuum ultraviolet applications
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Incident the thin metal contact is relatively high, and thus a large

radiation  pposhorous or fraction of the UV radiation is absorbed close to the metal/
R \) arsenic-doped semiconductor interface where photogenerated carriers are
? > type region efficiently collected by the depletion layer field. This gives
\v \ \v// the device an acceptable quantum efficiency, albeit lower

than for the best photodiodes. Usually at shorter wavelengths
* =8 the collection efficiency of the generated carriers decreases
=l for Schottky barriers. The responsivity also decred8es.
\ For many applications Schottky barrier photodiodes are
superior to other detectors. They are particularly promising

......

p-type epitaxial layer > 1Qcm

|
\ ; p*-substrate

Cr-Au as calibrated standard detectors, because they are relatively
insensitive to surface contaminations, show a higher stability
ﬁcﬂ\éen?;(iﬁ\?cﬁgion n'-region in intense UV radiation, and posses a quantum efficiency up
to four orders of magnitude higher than that of photoemis-
H Field oxide TT p’-region sive detectors in the VUV spectral range.
Schottky barrier UV detectors have been fabricated us-
B~ = ﬁfeF;OSited ing different semiconductofS~! A straightforward way to

make a highly selectivéblindlesg UV detector is to use a
wide band-gap semiconductor, e.g., Zi@r diamond®®°!
Semiconductor diamond is of considerable interest from a
basic physics, as well as an engineering, point of view. The

The spectral efficiency of the coated photodiodes ishigh thermal conductivity, small dielectric constdat=5.5),
shown in Fig. 25. Also shown are the calculated photodiodgyng large band-gap ener@Eg:SA eV) combine to make
efficiencies based on the conversion efficiency of silicon an@liamond an ideal candidate for many electronic and opto-
the transmittance of the thin-film Coatings, inClUding the 15'e|ectr0nic app”cations' particu|ar|y for high-tempera’[ure op-
nm-thick passivating silicon oxide layer. It can be seen thakration. Unfortunately, these wide band-gap materials of a
there is reasonable agreement between the resulting calcgood enough quality are not readily available, and the appro-
lated values and the measured device efficiencies. Typicgriate technology is far from being mature. However, recent
dark current values measured before and after coatings Wefgogress in diamond thin-film technology is very promising
about 100 fA. Noise variations of this current were about angr fyture applications.
order of magnitude less. Recently Zhaoet al®® have reported photoresponse
~The photodiodes coated with appropriate filtering matetharacteristics of boron doped hot-filament chemical vapor
rials may find applications in diverse VUV and EUV disci- deposition(HF-CVD) diamond based Schottky diodes using
plines, such as plasma diagnostics, solar physics, x-ray lisemitransparent Al contacts. The polycrystalline 8-
thography, x-ray microscopy, a”?' materia}ls science, and cafick diamond films were deposited gntype (100 silicon
reduce the dependence on relatively fragile unsupported meypstrates using hydrogen and methane as the reaction gases
tallic filters for spectral discrimination. and acetone vapor as the carrier gas for the boron dopant

(trimethyl borat¢. The acetone was also an additional carbon
V. SCHOTTKY BARRIER ULTRAVIOLET source. After surface chemical cleaning of samples, the cir-
PHOTODIODES cular Schottky contactévith an area of 4.5 mA) were fab-

In a Schottky barrier photodiode, a thin metal layer isricated by thermal evaporation of semitransparent aluminum
deposited onto a semiconductor. The transmission througbtontacts. However, these Schottky diodes were not solar-
blind detectors. Figure 26 shows the spectral dependence of
the quantum efficiency of the photodiode. The photoresponse

FIG. 24. Schematic of optically filtered VUV photodiodafter Ref. 83.

o1 [ \ \ \ of these diodes to visible and near UV radiation is attributed
£ *Sn o Al 2 AlC/Sc ‘ to several mechanisms including photoelectronic emission
= . +Ti °AIC ¢ Ag between metal and semiconductor, extrinsic photoexcitation
£ 10" e = of impurities, as well as crystal defects. Without correction
§ » - '.:,\' Jo. PPred . for surface reflection, the quantum efficiencies were between
5k \\ Ts Ilf\‘ “o T~ oo 5% and 10% for unbiased diodes. When a reverse bias of
,‘,‘,100 -Rv L . \ e, over 1 V was applied, the quantum efficiency of 30% was
& u’ﬁjié = 1 Yo obtained at 500 nm. The increase of quantum efficiency is
B EERANM /"-_+ \ LT . caused by a broadening of the junction depletion region and
wooL I T more efficient collection of photocarriers. The Schottky bar-
‘! rier height between Al ang-type polycrystalline diamond

10° e
5 10 15 20 25 3 35

Wavelength (nm) was determined to be 1.15 eV. It appears that the barrier

height of HF-CVD diamond Schottky diodes is controlled by
FIG. 25. Measuredpoints and calculatedcurves efficiencies of silicon & high density of defect states, and hence is independent of
photodiodes coated with several VUV filtering materiédter Ref. 83. the metal work function. The Schottky barrier is pinned ap-
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proximately 0.2E4 from the top of the valence band. The T LT
origin of the pinning has not been identified, but is likely to 0 500 1000 1500
be due to damage introduced during grow#h. Exposure time (s)

The conventional method to make a selective UV detec-
tor is to combine a conventional broadband UV-enhance(’f_'G- 27._Stabi(!ity of three different semiconductor photodiodes when irra-
photodiode with a UV filter. An example of this kind of diated with 16° photonsfs mn) at 124 eV(after Ref. 87
combination is a Ag—GaAs Schottky photodiode with a thin
silver contac® The UV selectivity of this detector is a result preakdown field that permits much smaller drift regidnes.,
of the narrow transmission “window” of silver films near much lower drift region resistancdesa higher thermal con-
the wavelength of 322 nm. A disadvantage of this approaclyuctivity that enables superior heat dissipation, and a wide
is a deterioration of the responsivity also in the UV region. band-gap energg2.9 e\) that permits higher junction oper-
Schottky barrier photodiodes have been mainly fabri-ating temperature. Due to the fact that reproducible silicon
cated for VUV applications. Investigations carried out by carbide wafers and epilayers were unavailable before 1989.
Krumrey et al®”®® indicate that GaAsP and GaP Schottky SiC carbide device fabrication technology is relatively im-

photodiodes show remarkable stability and high quantum efmature compared to silicon device fabrication technology.
ficiency. The stability measurements of the efficiency were

conducted with a monochromatic photon flux eflgl® A P/ junction photodiodes
photons/s into an area of 1 ndmat a photon energy of 124 The earlier published research on 6H-SIiC UV photo-
eV. Typical behavior of a silicon and GaAsP Schottky pho-diodes utilized diffusion of Al inton-type substrate® The

todiode is shown in Fig. 27. In the case of silicon photodi-diffusion process at temperatures of about 2000 °C led to a
ode, the quantum efficiency decreases from the initial value
of 27% by 0.25%/s. The decrease of efficiency shows satu-

ration behavior, but even at 8% a further decrease of the : Wavelength (nm)

order of 0.01% is observed. In contradiction, the guantum LA, [+ N A | S—
efficiency of GaAsP and GaP Schottky diodémmamatsu . ~bom
G1127-02 and G1963s stable at least within 0.05%which 107

is the uncertainty of the measuremyeditiring an exposure of PGM

more than 1 h. The electrical and optical properties of GaAsP
Schottky diodes in the spectral range below 6 eV have been
investigated in detail by Wilson and Ly&fl. The GaAsP
photodiodes can be used in the hole spectral region from 2
eV up to at least 3.5 ke\Fig. 28. Near the visible region i
the efficiency is comparable to that of photoemissive diodes, 10
but it is higher by three to four orders of magnitude in the
region above 1 keV.

: GaAsP Schottky diode
1 0| -
I TGM

10°r

Quantum efficiency (%)

- N
\Au‘\-\
s~

N

10-270 L1 [ L 1 I |
10 10' 107 10°

VI. SiC ULTRAVIOLET DETECTORS Photon energy (eV)

; ; : FIG. 28. Quantum efficiency of a GaAsP Schottky diode, determined on
. The inherent me.lte”al propertle§ Of. the 6H pontyp_e 0fdifferent monochromators by comparison with photoemissive detectors. The
SIC are very attractive for UV applications. In comparison quantum efficiency of the photoemissive reference diodes are also shown

with Si (see Table IV, SiC is characterized by a higher (after Ref. 87.
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‘ 1. Griding and polishing

Contact > 0.2 pm
2. Epitaxial layer growth (LPE)
‘ IN, - Nt = 2x10™® cm® - l <0.1 pm
3. W d f . \
. Wet oxidation
| w
4. Oxide window (70 mm?) P p-type
opened by planar technique '
-
5. Nitrogen implantation

14 2
(107 e, 25 keV) p-type substrate
8. RIA annealing (1050°C, 7 min,

Si coated graphite crucible)
FIG. 30. SiC photodiode cross sectitafter Ref. 95.
7. Back contact
Al metalization by evaporation
\ RIA annealing (950°C, 15 min)

270 nm between 150 and 175 mA/W with a quantum effi-

8. Frontside contact ciency of about 70%—-85% was measured. As the detection
(Pd metalization) . .

wavelength is decreased, a larger proportion of the absorp-

9. Packing, bonding tion occurs near the semiconductor surface and surface re-

sivity of 50 mA/W was achieved at 200 nm. The diffusion
length of electrons in th@-type layer was varied between
FIG. 29. SiC UV photodiode processing stepéter Ref. 94. 1.4 and 2.2um, and was smaller than the estimate ofu®
given in Ref. 94. This diffusion length determination does
not depend on any assumptions about carrier lifetime and
structural decomposition of surface layers. This process remobility as was made by Glassost al®*
sulted in high-leakage devices with low quantum efficiency.  Edmond and co-worket$have demonstrated a consid-
Glassowet al® improved upon this initial design by erable improvement of 6H—SiC UV photodiode quality over
utilizing N implantation to form a very shallo0.05 um)  previous efforts>~Wafers ofn- andp-type 6H—-SiC hav-
n*-p junction in a 5um-p-type epitaxial layer grown on a ing a diameter of 25.4 mm with typical resistivities in the
p-type substrate. The successive steps of the manufacturirgnge of 0.02—-0.04 and 1-1Dcm, respectively, were used
process of a planar photodiode are shown in Fig. 29. Furnacas substrates for epitaxial growth. An epitaxial junction was
annealing and rapid isothermal annealifRjA) were em-  produced by first growing a predominantly Al-doppéype
ployed to activate the implanted nitrogdn-V characteris- layer followed by a predominantly N-dopedtype layer on
tics and spectral quantum efficiency were investigated in tha p-type substrate. The doping in the background layer was
temperature range from 296 to 826 K and 295 to 676 Kcontrolled betweeiil—5 %10 cm™2 with a thickness of-3
respectively. This study resulted in devices with a maximumum. Then-type layer was heavily doped te10*° cm™3. Al
quantum efficiency of 75%with an anti-reflection coating devices were fabricated using a mesa geometry. The junc-
at a peak wavelength of 280 nm at room temperature. Théons were passivated with thermally grown $iGDhmic
scatter of the maximum value of the quantum efficiency wagontact materials for thp-type side andh-type side were
explained by differing surface recombination velocitiessintered Al and Ni, respectively.
which were caused by differing surface qualities. The  Figure 31a) shows the reverse-bias dark current versus
reverse-bias dark-current density was excessive, on the ordeoltage as a function of temperature for a UV photodiode
of 107> A/lem? at —10 V and room temperature. Probably, with square active junction with an area of 0.04%crihe
contact sintering at high temperatures could induce diffusiophotodiode has demonstrated extremely small dark currents,
of the contact metal through crystalline defects in thih  as little as 10' A at —1 V at 473 K. At the highest voltage
layer and thereby increase diode leakage current. measured,—10 V, the dark current density increased from
Figure 30 shows a mesa SiC photodiode structure fabri=-10"° to ~3x108 A/lcm? when increasing the tempera-
cated from commercial 6H-SiC wafers, 1 in. in diameter, ontures from 473 to 623 K. Figure 81 shows the dark current
which a p-n junction was grown epitaxially> A heavily  density at—10 V as a function of temperature together with
N-dopedn-type epitaxial layer of 0.2 or 0.am thick was previously reported data for comparison purposes. As shown,
utilized to form ann*-p junction. The concentrations of the devices reported by Edmond and co-workeexhibit
impurities was 5-&10'" cm™2 in p-type epitaxial layers, orders of magnitude lower leakage current than any other
and 5-1<10 cm 3 in n" cap layer. The device mesa was published data in 6H-SiC. The forwateV characteristics
patterned and etched using reactive ion etciRidE) and an  correspond to the8 values ranging from 1.5 to 2 which in-
NF,0, gas mixture. Device passivation was accomplished bylicate both diffusion and generation—recombination pro-
growing a thin(0.05 um) layer of SiG. The contact to the cesses.
top n* layer was Ni sintered in Ar at temperatures between  The same devices exhibited near unity peak responsivi-
900 and 1000 °C. Optical responsivity with a peak at abouties between 268 and 299 nm in temperature range between

10. Antirefiection coating (Al,0,, ~430 nm) ccimbination _becomes more important. By thinning the top
E n™ layer outside of the mesa contdste Fig. 3D a respon-
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FIG. 31. Dark current density V@) reverse voltage antb) inverse temperature for 6H—SiC photodiodafter Ref. 96.

223 and 623 K(see Fig. 32 The responsivity of the photo- tion process compared top-n photodiodes. Frojdh
diode at a higher temperature shifts to longer wavelengthet al1%%1°! have fabricated finger shaped Schottky photo-
because of band gap narrowing. The indirect band gap detiodes by evaporating Ti on substrates with diffenestype
creases from~3.03 eV at 223 K t0~2.88 eV at 623 K, andp-type doping levels. The starting material was 6H—SiC
corresponding to a rate of 3@0 * eV/K.** wafers with an epitaxial layer. The doping of the epitaxial
~ Recently, Hirabayastgt al®” have fabricate-n junc- |ayers is specified in Table V. Prior to processing the wafers
tion 3C-SiC photodiodes by atmospheric chemical vapoiyere degreased by subsequent dipping in trichloroethylene,
deposition. However, these photodiodes were inferior inyceione “and 2-propanol and finally dipped in hydrogen fluo-
comparison W|th.those previously described. The maximung; e (HF). Next, a pattern with a number of shaped openings
value o.f (esponswlty was 72. mANV at250 nm qnd the quaniyas formed on the wafer with finger widths in the range 1-2
tum efficiency was 36%cubic SiC energy gap is 2.2 eV at . . . . :
room temperatuje um. Each d|oc_ie is surroundgd by an opening with a width of
10 um (see Fig. 33. Four different photodiode areas were

Finally, it should be noticed that to produce large area )
and low-cost UV detectors an innovative family of devicesUSed: 106100 um, 75<75 um, 50x50 um, and 25¢25

fabricated of hydrogenated amorphous SiC/Si heterojunc’f‘m'

tions have been describ&3° As a barrier, titanium with resulting layer thickness 200

nm was evaporated on the wafers using an electron gun
evaporator. A standard lift-off procedure was used to remove
excess metal. A back contact was made by evaporation of
Schottky barrier 6H-SiC photodiodes are of interest forsog nm of Al on the backside of the wafésee Fig. 34.
many applications because of their relatively simple fabrica-  \jost of the Schottky barriers showed good rectifying
behavior with an ideality factor generally below 1.2. The
250 4 best results were obtained for diodes on phgype material
for which the reverse leakage current-at0 V was below 1
’ pA and for a reverse voltage of up t670 V the leakage
current remained below 500 pA. Also, results of spectral
responsivity measurements indicate that phg/pe material
has the highest sensitivitisee Fig. 33 Sample N1 shows
very low responsivity which can be explained by the shallow
epitaxial layer. The low response at short wavelengths can be
explained by the influence of surface recombination.
Generally, thegp-type material shows a much higher pho-
toresponse than the-type material. This can be explained
by two effects:

200 250 300 350 200 450 (1) the built-in voltage in the-type material is much higher
Wavelength (nm) (about factor of 2than the built-in voltage in tha-type

material,
FIG. 32. Temperature-dependent responsivity of a SiC photodiode. Th?z) the diffusi | th f lect . hi than th
temperatures tested wer@l) 223 K. (4) 300 K, (O) 498 K, and(m) 623 € airtusion lengtn Tor electrons Is much larger than the

K (after Ref. 96. diffusion length for holes.

B. Schottky barrier photodiodes

200

Responsivity (mA/W)

50—/
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TABLE V. Characteristics of 6H-SiC Schottky barrier photodiodes fabricated with different mateftds

Ref. 100.
q)b (eV) q)b (eV) Irev
Sample Sample characterization Ng,N, (cm™®) c-v -V B at—-10V
N1 n-type,t=1.6 um, 7.5x101° 0.98 0.97 1.08 <10 pA
no visible defects
N2 n-type, t=10 um 2.9x10'° 0.89 0.92 1.14 0.4 nA
N3 n-type, t=5 um 2.7x10%? 0.94 0.79 1.23 0.5 mA
N4 n-type,t=5 um, 1.0x10Y 0.94 0.84 1.17 18uA
high density of pinholes
P1 p-type,t~10 um 1.6x10'° 2.43 1.94 1.03 <1 pA

The second reason also explains the larger photoresponse V. 1ll-V NITRIDES AS A MATERIALS FOR
p-type material at long wavelengtlisee Fig. 3& ULTRAVIOLET DETECTORS

The better results fon-type 6H-SIC Schottky barriers
have been obtained by Anikit al1%? The Au—SiC Schottky
barriers were formed on the surfacersfype epitaxial layers
with uncompensated donor concentratidf—10 x 10'®
cm 3, grown by an open sublimation method o+ype 6H—

The [lI-V nitrides are the next group of wide gap semi-
conductors which are very promising for device applications
in the UV wavelengths in much the same manner that their
highly successful As-based and P-based cousins have been
exploited in the infrared, red, and green wavelengths. Until

SIC 'substrates oriented along ti§@00D Si plane. Front. . how, efforts to develop semiconductor device technology in
semitransparent contacts were made by vacuum deposmcme UV spectral region have been far unsuccessful. The

of a thin Au layer. Before evaporation of the barrier contact, v/ nitrides are excellent materials to cover important

a c_rystal of SiC was etcheq in molten KOH’_ washed in qe'technologically band, which occurs in the 240—280 nm range
ionized water and in organic solvents, and finally annealin

. 500 °&% The heiaht of th 1 barri 9~4.75 eV}, where absorption by ozone makes the earth’s
n a\iazuirg:tv q ) d'e elg hto the poterjrt;]a arrer atmosphere nearly opaque. Space communications in this
was 1.4-1.03 €V, fgpe“ Ing on the structure. The SUUCIUIGE, 4 \would be secure from earth, although vulnerable to
with an area %10 3 cn? showed low leakage currents,

109 A up to a breakd it £ 100-170 V at satellite surveillance. On the earth, shielded by the sun’s ra-
» Up 1o a breaxdown voltage o - atroom gistion, imaging arrays operating in this band would provide
temperature, and could be operated up to 573 K where th

Extremely sensitive surveillance of objects coming up out of
leakage current rose te-10 8 A. The monochromatic re- y ) gup

ity in the b | | h of 215 the atmosphere. Due to their wide band gap, the llI-V ni-
sponhsngt)(/) |1n5 tA/eW es;n}_ssmp es at v(\;ave er;]gt 0 n;ptrides are expected to exhibit superior radiation hardness
reache f éO(V » Which corresponds to the quantum effizp ;o cteristics compared to Si. GaN is by far the best-studied
ciency of 69v. . . 11—V nitride semiconductor.
Itis expectgd that the best_ qua!lty (31|6|4_1§;C v d_etectors The main obstacle in the development of the nitride UV
should be fabricated using-n junctions. ™ A .con5|d.er- photodetectors was significant difficulties in obtaining high-
ably good progress in fabrication gf-n junction using

; . uality material. GaN has high-type background carrier
chemical vapor deposition has been recently observed. T ncentration resulting from native defects commonly
devices displayed excellent rectification characteristics at elEh

tod t : I lanche breakd ought to be nitrogen vacancies. In films having relatively
evaled temperatures as well as avajanche breakdown VOgp, background electron concentratiopstype doping is
ages of 2000 V at room temperature.

difficult to achieve. In the past several years much progress
was made in developing modern epitaxial growth techniques
and in understanding the properties of this material. The
room temperature background electron concentration of GaN
films has been considerably reduced antype material has

Light

BERE

Epitaxial layer‘ -

Bulk material

Back contact

FIG. 34. Cross section of 6H-SiC Schottky barrier photodi@fter Ref.
FIG. 33. The finger area of a photodiode. 100.
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FIG. 35. Spectral responsivity of 6H-SiC Schottky barrier photodiddes

ter Ref. 100.

been reported®®1°%7 At present the metal-organic chemical
vapor depositiofMOCVD) grown GaN layers with the AIN
buffer layer haven-type conductivity with an electron con-
centration of about 8 cm™ at room temperature and the
electron mobility of about 500 cffV s Mg-doped p-type
layers have hole concentrations abové?iém 2 and hole
mobilities of 10-50 crV s at room temperaturé®10°

A number of reviews concerning IlI-V nitrides have
been published. Morkoet al®>’~*%'1%nd David!* recently

Wavelength (hm)

In this chapter, after a brief review of the physical prop-
erties of mainly GaN, we focus on the achievements and
future prospects of IlI-V nitrides as the materials for fabri-
cation of different types of UV detectors.

A. Physical properties

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

Control of the electrical properties is still one of the
greatest challenges facing nitride researchers. Using im-
proved crystal-growth techniques, researchers in several
leading laboratories have succeeded in reducing the back-
ground electron concentration to ®0cm™3. Nakamura
et al}'2 have reported the highest GaN bulk electron mobil-
ity of 600 and 1500 cA#V s at 300 and 77 K, respectively, in
an unintentionally doped sample having carrier concentration
4x10' cm™3, Theoretical modeling of Chiet al!*® carried
out for T=77 and 300 K demonstrates that the carrier con-
centration dependence of Hall and drift mobiliti@mportant
for device modelingis a significant function of the compen-
sation ratios. These calculated resiitee Fig. 36)] agree
well with available experiments only for high compensation
ratio. Piezoelectric acoustic phonon scattering and ionized
impurity scattering are the two dominant scattering mecha-

published several reviews which present a comprehensiveisms at temperaturéb<200 K, and the polar optical pho-
history of the developments in the IlI-V nitrides, growth non scattering is the most significant scattering at tempera-
techniques, structural, optical, and electrical properties. Alsdures T=200 K. It has also been found that electron
the present-day achievements and future prospects in diffemobilities in GaN correlated well with those calculated by
ent devices structures are described.

Monte Carlo stimulations. Joshif using this method has

TABLE VI. Properties of wurtzite GaN, AIN, and Inkafter Ref. 57.

Parameter GaN AIN INN
Band-gap energyeV) 3.39(300 K) 6.2 (300 K) 1.89 (300 K)
3.50(1.6 K) 6.28 (5 K)
Band-gap temperature coefficiefeV/K) —6.0x10™ —1.8x107*
(for T>180 K)
Band-gap pressure coefficief@V/kbap 4.2x10°°
(T=300 K)
Lattice constantnm) a=0.3189 a=0.3112 a=0.3548
(T=300 K) c=0.5185 c=0.4982 c=0.5760
Coefficient of thermal expansiofK ~%) Aa/a=5.59x10"° Aala=4.2x10"°
(T=300 K) Ac/c=3.17x107° Ac/c=5.3x10"°
Thermal conductivityW/cmK) 1.3 2
Electron mobility(cr?/V s) 900
(T=300 K)
Hole mobility cnf/V s 150?
(T=300 K)
Index of refraction 2.331eV) 2.15 2.85-3.05
2.67(3.38 eV
Dielectric constant €=9.5 €=8.5
€,=5.35 €,=4.68
Saturation electron drift velocity10’ cm/s 2.7 2
Electron effective mass 0.20 0.11
Phonon modegcm™?) A,(TO)=532 TO=667 TO=478
(T=300 K) E,(TO)=560 E,=665 LO=694
E,=144, 569 LO=910
A,(LO)=710
EL(TO)=741
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1400 FIG. 37. The 300 K Hall mobility vs hole concentration for GaN from
1200 —~— E-0 various groups using both QMVPE and MBE, the solid squares are for
\ —o— E =10 KViem C-doped samples and the solid circles are for Mg-doped sartgftes Ref.
1000 ~we— E =20 kicm 120,
= \\ —u— Exp. #
< 800 EN —0— Exp. #2
§ \\\ ing the hypothesis that H-atom extraction plays an important
Z 600 \\:\\‘\ role in obtaining low-resistivityp-type conductiot®” The
S 400 e . use of gas source MBE, in which the only H is derived from
B0 —— \ . . e
‘\\ 5‘3\-_.__ﬁ the background, permits the direct depositiorpetfype ma-
200 R e terial without the need for postdeposition processing. Figure
0 | | | | 37 shows the relationship between room-temperature hole
150 200 250 300 350 concentration and mobility in GaN films grown by various
(b) Temperature (K)

groups using both MOVPE and MBE. The circles corre-

FIG. 36. The elect bilty in GaNg) the electron drifsolid ; spond to the Mg-doped samples, and the squares to what is
. 36. The electron mobility in GaNa) the electron drift(solid curve . . . .
and Hall(dashed curvesmobility at 300 K as a function of carrier concen- percelved to be unmtentlona”y doped C samples. While the

tration with compensation ratios 0.00, 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90V1g-doped layers needed activation by theheat treatment,
the experimental data are taken from different articlfter Ref. 113 (o)  or by a low-energy beam irradiation, the C-doped layers

comparison of Monte Carlo resglts with experimente_ll mobility (_iata for bulk needed none. A statistical averaging suggests that the hole
?;Zﬁfﬁg:l'afsgt:nl%T,gﬁ;?;'rc(ja?tuerrv o iﬁomamd by-using three d'f'{notpility decreases in general with increasing carrier concen-
ration.

Recently, Rubin and co-workéfd have succeeded in
obtained good agreement with experimental tatavhen  makingp-type GaN using MBE assisted by a direct nitrogen
space-charge scattering was taken into accdsae Fig. ion beam together with a variety of doping techniques used
36(b)]. in conventional integrated circuit processifign implanta-

One of the long-standing problems in GaN research hason, diffusion, and coevaporation of Nigrhe undoped films
been the search for a shallqgwtype dopant. Most potential had hole concentrations 080" cm 2 and hole mobilities
dopants have been observed to compensate GaN, producinf§over 400 cr/V s at 250 K. From the slope of the carrier
highly resistive materialP-type conduction in Mg-doped concentration versus temperature shown in Figa3&n ac-
GaN has been realized for the first time by low-energy electivation energy of 0.29 eV is obtained. The strong tempera-
tron beam irradiatiofLEEBI) treatment'® of metal-organic  ture dependence of the mobilitgee Fig. 3&)] indicates the
vapor phase epitaxMOVPE)-grown Mg-doped films. Later dominant contribution of a phonon scattering mechanism.
on, Nakamuraet al!*” achieved thep-type conduction in A conversion of unintentionally dopea-type GaN lay-
GaN by thermal annealing of the MOCVD-grown Mg-doped ers to p-type material was performed by the diffusion pro-
films, more recently;p-type GaN has been obtained by cess of Mg in a sealed ampoule for 80 h at atmosphesic N
plasma-enhanced molecular beam epitdMBE) without  pressures at 800 °C. After this, Hall measurements indicated
the need for a postannealing procedtife'!® These results a hole concentration of>210'® cm ™3 and a mobility of 12
support the findings and suggestions of Nakametrall®®  cm?/V s.
that acceptor H neutral complexes are formed in the Mg-  P-type inversion conductivity has also been obtained af-
doped GaN during CVD as a result of the tarrier gas and ter Mg implantation with large dose@x10™ cnm?). How-
diluent during the growth. These complexes, in turn, effec-ever, high-energy implant80—-100 keV introduced strain
tively reduce the number of acceptor states which could band defects into GaN films, and even after annealing at
occupied by electrons from the valence band and result in 800 °C for 30 min in N, the x-ray peaks did not return to
compensated material. A decrease of H-atom concentratiatheir initial positions. Films implanted with Mg ions at lower
was observed after the thermal treatment in Ar gas, supporenergieg40—-60 ke recovered their original lattice param-
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B. Ohmic contacts to GaN

FIG. 38. Hall carrier concentratiof@ and Hall mobility(b) vs temperature

for undopedp-type GaN(after Ref. 121 Early results for GaN indicate that ohmic contacts can

easily be formed to both- and p-type material. The most

popular contacts for many years for Hall measurements are
eter after annealing at 800 °C and hot-point probe tests corsoldered In contacts. The first investigation of GaN contacts
firmed that these lower energy implants produgetype  was carried out by Foresi and Moustak&sThe Au and Al
conduction. contacts were deposited on theype GaN layers by thermal

For selective area doping or isolation of GaN samplesvaporation and patterned using photolithography and liftoff
the use of ion implantation is a critical requirement for ad-techniques. Current—voltage characteristics show that the as
vancement of device technology. Pearetmal!?? have re- deposited Al contacts are ohmic while the as-deposited Au
ported achievement of both- and p-type GaN using Si  contacts are rectifying and form Schottky barriers. These
and Md"+P" implantation, respectively, and also the cre- Schottky barriers are leaky due to tunneling effects arising
ation of semi-insulating=5x10° Q/0J) regions in initially ~ from the high carrier concentration of the films and the pos-
n- and p-type material using multiple energy"™Nimplanta-  sible existence of an interfacial native oxide layer. The Au
tion and subsequent annealing. contacts become ohmic after annealing at 575 °C for 10 min,

Recently Wilsonet al?® have reported results of mea- a result attributed to gold diffusion in GaN. Measurements of
surements of depth profiles and stability against redistributhe contact resistivities of Al and Au annealed contacts gave
tion with annealing up to 800 or 900 °C, for implanted Be, values in the range of 10 —10 8 O m.

Cl, Mg, Si, S, Zn, Ge, and Se as dopants in GaN. They found For most of the important semiconductors, including Si
excellent thermal stability for acceptoi®e, Mg, Zn, and ¢  and GaAs, the dependence of the metal barrier height on the
and for group IV donorg¢Si and Gg for temperatures up to work function difference has not been observed due to the
900 °C. In the case of the group VI donors, S redistributes agxistence of surface states which pin the Fermi level at the
600 °C, and Se at 800 °C. It means also that diffusion ofnterface. Figure 39 shows the dependence of the barrier
most elements into GaN from an external source does ndteight on the work function difference correlated to the ion-
appear to be a feasible approach for doping GaN samples.icity of the semiconductor by Kurtiet al1?® In this Fig. 39,

In spite of achievements in the fabrication of GaN ma-the vertical axis is a paramet& which is defined as the
terial, this material is still far from ideap-type andn-type  change in barrier height over the change in metal work func-
samples exhibit photoconductivity responses at photon enetion (S=d®,/x,,) and the horizontal axis is the electrone-
gies far below the band-gap ener§§.It may be largely gativity difference between the components of a compound
related to the deep tail states created by the high growtlwhich is a measure of the compound’s ionicity. The elec-
temperature, the large stress arising from the lattice mistronegativity difference for GaN is 1.87 ¥’ This puts
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GaN above the knee of the curve in Fig. 39 implying thatdefects and estimating their densities in GaN layers. A re-
Schottky barriers on GaN should have barrier heights whiclcently published article stated that good quality GaN films
depend directly on the work function difference between theetch slowly in 30%-50% NaOHA® solutions(rate of ~2
metal and GaN. It indicates that the surface Fermi energy ism/min) while HF, H,PO,, and HNGQ/HCI mixtures are in-
unpinned which greatly reduces the complication of creatingffective in producing any etchinig? This chemical stability
ohmic contacts to GaN as it is only necessary to determingrovides a challenge of GaN processing when conventional
metals with appropriate work functions. integrated circuit processing techniques are used. Smooth,
The work function of GaN has been measured to be 4.kontrolled dry etching is necessary for fabrication of small
eV.'?® Therefore, any metal with a work function equal or geometry devices in a reproducible fashion. It means that
lower than that of GaN should form an ohmic contact toetch rates must be achieved at a low dc bias where ion-
n-type material, and any metal with a higher work functioninduced damage is minimized.
should form a rectifying contact to-type GaN. The work In the last two years considerable progress in the explo-
function of Al is 4.08 eV¥*° putting Al in the ohmic category. ration of different methods for RIE of 1ll-V nitrides has
In the case of Au, the work function is 4.82 eV which puts been observet??~**An attractive approach to this is the use
Au in the rectifying category. The above theoretical predic-of electron cyclotron resonan¢ECR) discharges which pro-
tions have been confirmed by the experimental results ofiluce high ion densitie$=5x10"* cm™3) at low pressure

Foresi and Moustaka$? with ion energies below the displacement damage threshold
Theoretical predictions indicate that Al can form ohmic for 11—V materials(i.e., <25 eV).'3¢

contacts tan-type and Au can form ohmic contactspetype Adesidaet al!** reported a RIE of GaN in silicon tetra-

GaN. Au as a contact to GaN requires a thin interla§i@or  chloride plasmagSiCl,, 1:1 SiCl4:Ar, and 1:1/SiGISiE,) in

Cr) to prevent a diffusion of Au in the GaN. the pressure range between 20 and 80 m Torr. For all gas

Lin et al** have reported the results of an ohmic con-mixtures, each rate increased monotically with increasing
tact ton-GaN (~10"" cm™) study of four separate metalli- plasma self-bias voltage exceeding 50 nm/min at 400 V. The
zation schemes: Au, Al, Ti/Au, and Ti/Al. The metal layers sjight overcut in the profiles was attributed to the significant
were deposited via e-beam evaporation. Bilayer contactghysical component in the etching process. A wet etch in
consisted of a 20 nm Ti layer deposited directly on GaN,gjlute HF was needed to clear the @i the form of SiQ)
followed by a 100 nm capping layer of Au or Al. Prior t0 embedded in the surface of GaN.
annealing only the Ti/Al contact exhibited near linear |-V Based on an analogy to other IlI-V semiconductors, one
characteristics. The other contacts exhibited nonlinear 1-\yoyld expect Cl-biased discharge chemistries to be useful
characteristics even for small currents. It is probably due tqor GaN and AIN because the IIl chlorides are volatile, and
the formation of rectifying Schottky contacts. Then differentihe addition of H should remove the nitrogen as NiEI-
annealing procedures were used to improve contact charagyseq etches have worked well on GaN using ECR dis-
teristics: annealing at 500 °C in,\ambient; further anneal-  charges of CHH,, Cl,/H, and BCY/Ar, while the addition
ing using the rapid thermal annealilBTA) method at 700  of F 1 the discharges dramatically reduces the etch rate of
°C for 20 s. Two samples, AlfTi and Au/Ti were further a|N, what can be used for selecting etching of AIN. Films
annealed to 900 °C for 30 s. Device quality ohmic contacts_o00 nm thick were lithographically patterned with Hunt

with contact resistivity values of810°°  cn? have been 11go photoresist to give openings of 1—1a@ in various
obtained when Ti/Al contacts were annealed at 900 °C for 3%hapes. Controlled rates 6§20 nm/min were obtained at

s. The nature of reactions responsible for the low resistancg,qderate dc biasess—200 V), low pressurgl mm Torp,
contacts has not been well clarified. The most likely mechazng 1ow microwave powef200 W). Higher etch rates of
nism for the low contact resistance is solid-phase epitaxy of_70 ym/min at—150 V and 1 m Torr for high microwave
TiN, via N outdiffusion. In this case the surface GaN would powers (1000 W) have been obtained by Peartenall3®

be highly n-type due to the preponderance of N vacancies iy the CL/H, chemistry. In this case a lithographic mask,

and effective tunneling through a surfac_e layer is possible. 57 13503 photoresist, was spun onto the samples. The sur-
) A novel scheme of nonall_oyed ohmic contacts on GaNtace of 111-V nitrides remain stoichiometric without requir-

using a short-period superlattice composed of GaN and ”afhg a wet-etch cleanup. A success in RIE of GaN has also

row band-gap InN, sandwiched between the GaN channgjeeny achieved with BGietch rate 8.6 A/s which was ob-
and an InN cap layer, has been demc;nstrated b}eLmi. tained for a plasma power of 200 W and pressure of 10
A contact resistance as low ax60° Q cn? with GaN 135

8 a3 ; . m Torr.
doped at apoutBlOl cm™ has been obtained without any Alternative chemistries which have been proven advan-
postannealing.

tageous in improving etch rates or selectivities in various
applications include those based the group Il etch products
in iodine plasmas. A comparison of etch rates of GaN, AIN,
GaN is characterized by its exceptional stability at highand InN in HI/H, high ion density(~5Xx10'" cm™3) plasma
temperatures and under chemical attack. GaN is insoluble iwith results obtained from chlorine-based chemistries indi-
H,O acids or bases at room temperature, but dissolves in hatates that a HI/HAr plasma chemistry produces slightly
alkali solutions at very low rat®. Low quality material has faster etch rates for GaN and AIN than comparablet@ised
been observed to etch at reasonably high rates in NaOHnmixtures, while the rates for InN are significantly
H,S0O,, and HPO,. These etches are useful for identifying improved™*° By contrast, HBr/H/Ar yields slower etch rates

C. Etching of llI-V nitrides

7466 J. Appl. Phys., Vol. 79, No. 10, 15 May 1996 Appl. Phys. Rev.: M. Razeghi and A. Rogalski



10* 10°

10° 10°F
3 8
S L“/ 3
210 2"
= 7]
D & 4zl
2 L10
[« 1 £
o 10 Iy
2
& B 10'-
10° i
100 [
10-1 I ‘ ‘ ‘ : ‘ t | I | |
200 250 w |300 ) 350 400 107 10° 0° 10" 10° 107 10"
avelength (um) Current (A)

FIG. 40. Normalized spectral responsivity for a GaN photoconductive de|G. 41. GaN photoconductive detector responsivity as a function of inci-
tectorn(after Ref. 144, dent power under 254 nm excitatigafter Ref. 144,

than the chlorine chemistries for all three binary band gap
nitrides. Both types of chemistries produce smooth butoconductive detectors. It reaches its maximum value at 365
h|gh|y anisotropic etched features. RIE of GaN usingnm and then remains nearly constant down to 200 nm. The
CHFyJAr and GCIFJ/Ar chemistries has also been peak responsivity is about 1000 A/W, and the estimated
reported™*3 The etch rates which varied between 60 and 47@ain/quantum efficiency product for the detectors is416%,
A/min, were found to increase linearly with rf plasma powerThe response of GaN detectors is linear over five orders of
and to decrease with chamber pressure. incident radiation power, which is shown in Fig. 41. The
Recently, Peartonet al!3®14%141 have studied the detector response time is about 1 ms.
Ar*-ion milling characteristics of IlI-V nitrides. It appears The performance ofi-type GaN photoconductive detec-
that the surface morphologies of all nitridgaN, InN, AIN,  tors made from films grown by molecular beam epitaxy is
and InGaN remain smooth after ion milling at 500 eV and inferior** The following parameters have been measured
there is no preferential sputtering of the nitrogen. The ionfor interdigitated device with Ti/Al ohmic contacts and 20
milling rate for the nitrides are less than those of maskingum inter-electrode spacing: the gain/quantum efficiency
materials such as SO SiN,, and photoresist, so this tech- product of 600 at 254 nm and at a bias of 25 V, the mobility/
nique is useful only for shallow-mesa applications. Dry etch-lifetime product of 9.510™° cn/V and current responsivity
ing methods involving an additional chemical component aref 125 A/W at 254 nm.
more practical alternatives for device patterning, e.g., the use The responsivity ofp-type GaN:Mg layers on Si sub-
of an Ar ion beam and HCI gas in the chemically assisted iorstrate is lower in comparison with insulating layers, and
beam etching of GaN may be suitable for the fabrication ofachieved a maximum value of 30 A/W at 14 V bf48The

laser facets and mirroré? responsivity increases nearly linearly with applied voltage up
to 8 V, then the increase slows toward saturation. Photocur-
D. AlGaN ultraviolet detectors rent decay for a pulsed input shows a hyperbolic type re-

sponse. It is hypothesized that holes are captured at either
compensated Mg deep acceptor sites or Mg-related trap/
Development of high quality IlI-V nitride semiconduc- recombination centers, resulting in a greatly prolonged elec-
tor layers in the last several years has resulted in the fabriron free carrier lifetime.
cation of a new generation of UV detectors. Due to this early ~ Recently Kunget al'*® have studied the kinetics of the
stage of development only a few articles concerning UV dephotoconductivity oin-type GaN photoconductive detectors
tectors have been publish&ff:144-153 by the measurements of the frequency dependent photore-
The first high quality GaN photoconductive detectorssponse and photoconductivity decay. Strongly sub-linear re-
(using insulating materialere fabricated by Khaet al'**  sponse and excitation-dependent response time have been
The active region of detector was a Qu&i-thick epitaxial observed even at relatively low excitation levels. This can be
layer of insulating GaN deposited over a Qufin-thick AIN attributed to the redistribution of the charge carriers with
buffer layer using metal-organic chemical vapor depositionincreased excitation level.
over basal-plane sapphire substrates. Interdigitated, electri- Figure 42 shows the voltage responsivity of the GaN
cal, 5000-A-thick gold contacts were fabricated on the epil-detector as a function of the modulation frequency for three
ayers for the photoconductive response measurements. Th#dferent excitation power densities. From Fig. 42 we can see
interdigitated electrodes were @n wide, 1 mm long, and that the responsivity remains frequency dependent over the
had a 10um spacing. To define the electrode pattern, a stanwhole range of frequencies applied. This dependence is less
dard photolithographic procedure and a lift-off techniquepronounced for higher excitation levels. At high frequencies
were used. when the period of radiation power oscillations exceeds the
Figure 40 shows the spectral responsivity of GaN phodifetime, the frequency response curves for different excita-

1. Photoconductive detectors
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FIG. 42. GaN detector responsivity as a function of chopping frequency foiyas not well controlled, an anomalous behavior of electrical

three different excitation power densities of the He—Cd laser (825 nm). : ; _
The solid line shows the fit to conventional dependence ofprOpertles of these Zn/GaN Schottky barriers has been ob

R, = Ryo(1+472f2t2)1/2 (after Ref. 150. served.
More recently, Kharet al1*® have reported the fabrica-

tion and characterization of Schottky barrier photodiodes on

tion level tends to have the same frequency dependence. Thistype GaN layers. As-grown zm-thick material(grown
is because at high frequencies the photogenerated excesger basal plane sapphire using MOCVIvas ann-type
concentration becomes dependent only on the excitation peonductivity with residual carrier concentration of‘{@m3
riod rather than the lifetime of the majority carrier lifetime. and a room-temperature mobility of about 400%vhs. Post-
A consequence of the redistribution of the charge carriergrowth, p-type conductivity was enhanced using a 20 min
with increased excitation level is the decreasing of the pho650 °C N, ambient anneal. After this process, the hole con-
toconductive gain with increasing in UV intensity, which has centration was about>10'" cm 3. Subsequent to growth,
been recently observed by Goldenbetgl1*® (see Fig. 48  doughnut-shaped Cr/A(000 A thick ohmic contacts were

The observed kinetics of photoresponse have importardeposited using standard photolithographic techniques. Fig-
consequences for practical applications. The measured lifasre 44 shows the resulting device configuration. The inside
times are too long for many applications resulting in thediameters for the doughnuts were ranged from 2o®to 1
frequency dependent responsivity and nonlinear responseim. For improving the contact resistivities, the ohmic con-
This can be changed in a number of ways including delibertacts were annealed in flowing forming gas at 350 A for 1
ate introduction of recombination centers to stabilize re-min. As a Schottky barrier 1500-A-thick Ti/Au metals were
sponse time at a required level and by reducing the lifetimaleposited. The estimated responsivity of these Schottky bar-
in short photoconductors using contact phenomena. Furtheters was 0.13 A/W at wavelength 320 nm for a normalized
work is necessary to understand the origin and properties afrea of 1 mrf The spectral responsivity is shown in Fig. 45.
the deep centers in GaN. The response time of detectors is limited by the resistance
capacitanceRC) time constant of the measured circuit and
was around Jus. Other geometry of detectors with a Ti/Al

] ) Schottky barrier is shown in Fig. 48.
The first Schottky GaN barriers were reported over 20

years agd> However, due to a fabrication procedure that

2. Photovoltaic detectors
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FIG. 43. The variation of photoconductive gain of GaN detector with inten-FIG. 45. Spectral responsivity of GaN Schottky barrier photodiafeer
sity of light at 350 nm(after Ref. 153. Ref. 145.
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It should be noticed that much information concerning

GaN Schottky barriers is under discussion. The barrier heightlG. 47. Spectral responsivity of Gaptn detectorsi(a) light from then
depends on a procedure used for diode fabrication. For e)§_ide;'(b) Ii_ght from the p side;(c) spectral responsivity of UV-enhanced Si
ample, Linet al}® used Ti/Al and Ti/Au metallization and P~ lunction (after Ref. 152

subsequent annealing to receive ohmic contacts-tgpe

GaN. Instead, Binaret al1®® have fabricated Schottky barri-

ers using a Ti layer and a Au overlayer deposited bY(HFETS as gated visible blind photodetectors. Theseth?®
electron-beam evaporation. The barrier height of Ti ongate HFETSs operated as microwave amplifiers to a tempera-
n-type GaN has been measured to be 0.58 and 0.59 eV hyire of 300 °C with maximum oscillation frequency and cut-
capacitance—voltage C-V) and current-voltage I¢V)  off frequency of~70 MHz and~22 GHz, respectively, at
techniques, respectively. The barrier height of Aumstype  room temperature. Figure 48 shows the schematic diagram of
GaN was determined to be 1.19 and 1.15 eV fioaV and  the short gate GaN/AlGaN HFET. The thickness of the Al-
C-V measurements® which is somewhat lower than re- GaN barrier layer is approximately 25 nm, and its doping is
ported previously by Hacket al'*® (0.84 eV byl-V and  on the order of 410" cm™3. The GaN layer is unintention-
0.94 eV byC-V). Also, results presented by G al’®’  ally doped. The gated photodetectors are backside illumi-
for Pt and Pd barriers confirm that the metal work functionnated. The electron-hole pairs are generated in the semi-
should not be the only factor affecting the Schottky characinsulating i-GaN buffer layer and in the active-GaN
teristics. region. The photogenerated holes move towards {GaN/

The first information aboup-n junction GaN photovol-  sapphire interface, and the photogenerated electrons move
taic detectors is included in Ref. 109. Zhaegal**® have  towards the channel where they are quickly driven into the
estimated by theoretical modeling of the spectral responsgrain by the high channel field. The measured and calculated
shape of-n junction that the diffusion length of holes in the responsivity of a backside illuminated GaN/AlGaN HFET
n-type GaN region is about 0.km. Next, Chenetal’®*  photodetector is shown in Fig. 49. The maximum responsiv-
have studied two detector structures grown by low-pressurgy of 3000 A/W was achieved at a gate voltage of about 1 V.
MOCVD, one n-onp and the othem-on<. The p-onn  The spectral responsivitisee Fig. 50 falls sharply by two
sample consisted of the deposition over basal plane sapphitders of magnitude for wavelengths larger than 365 nm,
of a 1.um-thick unintentionally doped-GaN layer followed  which demonstrates the visible blind operation of gated pho-
by a 0.5um-thick Mg-dopedp-GaN layer. Similarly, the todetector.
n-on-p structure consisted of a 2Zm p-GaN layer followed
by a 0.5um n-GaN layer. Large area mesa structures were
defined using reactive ion etchifi§ig. 46b)]. Ohmic con-
tacts were formed using sputtered W for n- and e-beam
evaporated Ni/Au bilayer for thp contacts. These electrode
patterns were formed by standard lift-off processes. The
spectral responsivity data are plotted in Fig. 47. The maxi-
mum responsivity(0.09 A/W) is comparable to that of a
UV-enhanced Si detector. The rise and fall times of the pho-
toresponse were measured tob8.4 ms for a detector area
of 16 mnf. However, these times are significantly greater

Gate Drain

Source

n-AlGaN

than the value of lus for the estimatedR C time constant. n-GaN

More work is needed to identify the factors responsible for GaN

the decrease in the photodiode speed. :
More sophisticated structures are also used for the detec- Sapphire

tion of UV radiation. Recently, Kharet al1*"1® have re-
ported the GaN/AlGaN heterostructure field-effect transistorIG. 48. Schematic diagram of the GaN/AlGaN HFEfter Ref. 159.
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FIG. 51. Spectral responsivitarbitrary unit3 of diamond photoconductive
device: (1) as-fabricated(2) following methane annealing, an@®) after
methane and air annealirigfter Ref. 162

VIIl. OTHER MATERIALS FOR ULTRAVIOLET

DETECTORS in the UV region(between 200 and 400 nrby adjusting the

A straightforward way to make a highly selectigind- boron phosphidéBP) to boron nitride(BN) ratio in the ter-
lesg UV detectors is to use wide band-gap semiconductorg?@ry compound. o
However, due to technological difficulties with those mate-  Also recently, for the first time, to the best of our knowl-
rials, the UV detectors are fabricated also with Si and GaAs€dge, the dramatic improvement in diamond photoconduc-
Their principal advantage lies in the high crystalline quality Ve characteristic§10° higher response to 200 nm than vis-
of the materials and their well-known processing methodsiPle wavelengths<<0.1 nA dark currenthas been achieved
Recently, Constargt al1®® have presented GaAs photocon- follow!n%eszathane-alr treatment of the poly_crystallme
ductive detectors with static responsivity values of-400f ~ Material.>® Figure 51(curve 3 shows the dramatic change
AW in UV spectral range. Some applications require thell the responsefor wavelengths less than 225 prafter
measurement of UV radiation in the presence of visible light./00 °C treatment in a methane ambigfith) and second
The final design of the devices can include additional block{réatment at 400 °C in aif1 h). The improvement in the
ing filters or dielectric coating to fit them for the wavelength device characteristics indicates an active role for methane-air
of interest. gases in modifying the surface, or near surface, region of the
Misra et al ! have presented preliminary results con- thin-film polycrystalline diamond.
cerning fabrication and characterization of B _, photo-
conductive detectors. This alloy system is an attractive malX- CONCLUSIONS

terial for UV application because its band gap can be tuned  Currently, the old detection techniques used in UV tech-

nology (photographic films, detectors based on gas photoion-
ization, and photoemissive detectoese replaced by semi-
conductor photon detectors where higher sensitivity, more
quantitatively accurate photometric information, or more im-
mediate data availability are required. The semiconductor
N — detectors offer small size, ruggedness, and ease of use. Ex-
pansion of the semiconductor industry and the continuing
emphasis on the development of low-light level imaging sys-
tems for military and civilian surveillance applications en-
sure the dominant position of these detectors in the near fu-
ture. Manufactured using proven wafer-scale silicon or [l1-V
processing techniques, they are inherently cheaper and pro-
vide high quantum efficiency. At present, a new class of
video-rate imagers based on thinned, back-illuminated sili-
con charge coupled devic€8CDs with improved UV sen-
sitivity (to 50% quantum efficiency at 200 niis available to
0'; 50 2'00 2'50 3i00 31-,0 400 replace conventional image intensifiéfé However, Si pho-
Wavelength (um) todetectors require bulky band filters to block the visible
solar radiation background and are intolerant of elevated
FIG. 50. Measured spectral responsivity of fu gate GaN/AlGaN HFET ~ temperatures and caustic environments. With the use of wide
photodetectofafter Ref. 147. band-gap semiconductoffke GaN or diamonyl the need
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