
AN ABSTRACT OF THE THESIS OF

Gerhard Schumm for the degree of Master of Science in

Electrical & Computer Engineering presented on March 18,

1985. Title: A Study of the Photoresponse of Semi-

Insulating Gallium Arsenide

Abstract approved: Redacted for privacy

Thomas K. Plant

The photoresponse behavior of semi-insulating GaAs is

investigated. The photocarrier lifetime is discussed and

the influence of surface and contact recombination is

taken into account. Photocurrent-voltage characteristics

have been measured and a mechanism for the gain in terms

of space charge amplification and avalanching is sugges-

ted. The influence of deep level traps on the photorespon-

se of semi-insulating GaAs is investigated. Furthermore,

the photocurrent-temperature dependence is studied and a

strong increase of photocurrent below 160 K is reported.



A Study of the Photoresponse of
Semi-Insulating Gallium Arsenide

by

Gerhard Schumm

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed March 18, 1985

Commencement June 1985



APPROVED:

Redacted for privacy

Professor of Electrical & Computer Engineering in charge
of major

Redacted for privacy
Head of depament of Electrical & Computer Engineering

Redacted for privacy

Dean of Gradd e School
1

Date thesis is presented March 18, 1985

Written and typed by Gerhard Schumm



ACKNOWLEDGEMENTS

I would like to express my thanks to Dr. T. K. Plant,

my thesis advisor and major professor, for his useful

advice and comments through all stages of the thesis.

Support from Tektronix, Inc. in form of a research

assistantship and laboratory equipment is also gratefully

acknowledged. Furthermore, there is to mention the

Oregon/Baden-Wurttemberg (West Germany) exchange programm

of the Oregon State System of Higher Education which made

my stay at Oregon State University possible.

Thanks to all my friends and especially to Craig

Decker for his always encouraging nightlong discussions

during the first stages of the thesis. He made the bad

times endurable and the good times more enjoyable.



TABLE OF CONTENTS

I. INTRODUCTION

II. PHOTOCONDUCTOR THEORY 4
Primary Photocurrent 4

Secondary Photocurrent 5
Carrier Lifetime 10
Gain-Bandwidth Product 13

III. EXPERIMENT SETUP 14
Driving Circuit for Laser Diode 14
Collimating Lens Mount 14
Focusing of Laser Beam 16
Calibration of Laser Diode 19
Samples 22

IV. RESULTS 24
Comparison of n+ Implant/Ohmic Metal 24

with Ohmic Metal Contacts
Photocurrent-Voltage Characteristics 25
Reoomlyination Centers 32
Deep Level Traps 34
Photocurrent-Temperature Dependence 38

V. SUMMARY 45

VI. BIELIOGRAPHY 47



LIST OF FIGURES

Figure Page

1. Velocity-field characteristics for GaAs 9

2. Photoconductive gain versus electric field
for GaAs

9

3. Driving circuit for laser diode 15

4. Collimating lens mount 15

5a. Beam profile in horizontal direction 17

5b. Beam profile in vertical direction 18

6. Beam profile at focal point 20

7. Calibration of laser output 21

8. Testpatterns on GaAs wafer 23

9. Photocurrent-voltage characteristics for
a SI-GaAs photoconductor

26

10. Electric field and carrier density distri-
bution in supercritically doped n-type GaAs
after [7]

29

11. Photocurrent versus optical input power 33

12. Quasi-Fermi level shifting in an n-type GaAs
photoconductor under illumination

35

13. Photocurrent-temperature dependence for un-
doped and Cr-doped SI-GaAs photoconductors

39



A STUDY OF THE PHOTORESPONSE OF

SEMI-INSULATING GALLIUM ARSENIDE

I. INTRODUCTION

Within the last ten years GaAs has become increa-

singly important in the development of optical data commu-

nication. With the demand for faster information proces-

sing high speed optical detectors became necessary. Re-

sults of planar photoconductive devices which have high

speed (rise time tr ", 100 ps) and moderate gains (M "- 3)

have been reported by Gammel et al. [1,2] and Klein et al.

[3]. A mechanism for the photoconductive gain has been

suggested by Gammel [4], regarding the device as a conven-

tional photoconductor with a uniform electric field dis-

tribution throughout the channel. In this case the gain is

limited by the ratio of mean electron to mean hole veloci-

ty. For fields above 3.6 kV/cm, however, the experimental-

ly obtained values for the gain exceeded these limits and

measurements of the photosensitivity showed a nonuniform

distribution along the photoconductive channel [5]. Compu-

ter simulations done by Beneking et al. [6] where the

transferred electron effect is considered, suggest a dif-

ferent mechanism for the gain. A nonuniform field is

present in the channel, a space charge region is developed

and the gain increases due to a space charge amplification
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by photogenerated carriers. If the voltage is increased

further, avalanching occurs and must be taken into account

when evaluating the gain.

The effective photocarrier lifetime affects strongly

the speed and the gain of a photoconductor. For extremely

small device dimensions in the micrometer range, surface

and contact recombination must be taken into account when

evaluating the effective lifetime [7]. Photocurrent-tempe-

rature measurements were taken and it has been observed

that for the studied samples the photocurrent increases

more than 100-fold below 160 K. For this behavior an

increase of the effective lifetime which is probably due

to "freezing out" of surface and/or contact recombination

centers is held responsible.

For n-type GaAs photoconductors, nonlinear effects

such as gains exceeding 200 and slow rise and fall times

(tr 10 .is) for long light pulses ( > 10 us) have been

reported by Beneking et al. [7]. He attributed this to the

presence of deep level hole traps in the n-channel intro-

duced by Chromium (Cr) outdiffusion from the semi-insula-

ting substrate. It is shown that Cr traps do not affect

the photoresponse of semi-insulating GaAs since the equi-

librium Fermi level is located below the trap energy level

and no filling or reemission of holes can occur. There-

fore, in practical applications high speed photodetection
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can be achieved with both undoped and Cr-doped GaAs as

long as semi-insulating material is used.
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II. PHOTOCONDUCTOR THEORY

A detailed treatment of basic photonductive processes

in insulators and semiconductors has been given by Rose

[8]. A first fundamental distinction has to be made be-

tween space charge limited photocurrents and volume ex-

cited photocurrents. In the case of local illumination of

a limited area on a photoconductor, the locally generated

electrons and holes are separated when a voltage is

applied. A space charge builds up which limits the current

to much smaller values than in the case of volume excited

photocurrents. For a uniform illumination, however, photo-

carriers are generated uniformly, no space charge can

build up and the resulting photocurrent can assume much

higher values.

Within the second type, the volume excited photocur-

rent, historically another distinction was made between

primary photocurrent [9] and secondary photocurrent. As

will be seen later, for photoconductors there is no prin-

cipal distinction in the physical mechanism involved and

the transition from one type to the other is purely theo-

retical.

Primary Photocurrent:

Each photogenerated pair of carriers contributes to

the photocurrent once and only once, when it is swept out
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of the photoconductor. In photoconductors, primary photo-

current can indeed be observed under special conditions:

1. Blocking (Schottky) contacts are present, so that

carriers swept out can not be replenished from the con-

tacts. 2. The applied voltage has to be high enough to

saturate the photocurrent by pulling the carriers to the

contacts before they have a chance to recombine. For

primary photocurrents the gain is unity and the current is

proportional to light intensity and insensitive to tempe-

rature.

In fact, the main photocurrent in reverse biased pn-

junctions (photodiodes) is the primary photocurrent, since

the pn-junction blocks additional flow of carriers across

the depletion zone. But for photoconductors primary photo-

current is a very special case and rarely observed.

Secondary Photocurrent:

If free access of carriers from the metal contacts

into the semiconductor is allowed (ohmic contacts), a

whole new set of photoconductive processes is generated.

The photoevent that started with the generation of a free

pair of carriers is no longer terminated when these car-

riers reach their respective contacts. In this case the

termination occurs when a free electron-hole pair recom-

bines. Gains in excess of unity are now permitted. The



equation for the resulting photocurrent density is

J = en (11
n

+ up) E (la)

or J = en (v
n

+ v ) (lb)
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where e is the electron charge, E is the electric field,

pn and p are the electron and hole mobilities, vn and v

are the electron and hole velocities, respectively, and n

is the free carrier density. The carrier concentration is

n = T
eff g, (2)

Teff being the effective carrier lifetime and g the photo-

carrier generation rate. Combining Equations (lb) and (2)

yields the photocurrent

J = e (vn + vp) Teff g.

The Equation for the primary photocurrent is

jPR e g 1,

(3)

(4)

1 being the channel length of the detector. The photocon-

ductive gain is defined as the ratio of total to primary

photocurrent. Combining Equations (3) and (4) one gets for

the photoconductive gain F,

1
F = T

eff
(v
n

+ v
p

) (5)



The transit times for electrons and holes are

1
t
tr,n = Ti

n
and 1

=ttr,p

7

(6)

respectively, and the final expression for the gain be-

comes
T eff T effr= ttr,n

tr,p
(7)

In GaAs the electron transit time usually is much shorter

than the hole transit time and equation (7) reduces to

r=
ttr,n

Teff
(8)

Here it becomes clear that in photoconductors primary

photocurrent is only a special case of photocurrents where

the carrier lifetime equals the transit time. But the

transit time, for example, is continuously variable. By

changing the applied voltage, the transition from r < 1 to

r > 1 is continuous and there is no change in the physical

mechanism generating the photocurrent.

In practical devices the gain is limited by contact

recombination, i.e. holes reaching the cathode recombine

with electrons from the metal. According to Rittner [10]

and Gammel [4] the upper limit for the gain is determined

by the ratio of electron to hole velocity

or

rmax

max

1
2

1
2

(1

(1

V
+ )

+ -11)
1-1

(9a)

(9b)
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in the linear mobility region. This means v
n/vp electrons

can leave the semiconductor at the anode (and at the same

time vn/vp electrons enter the semiconductor at the ca-

thode) before one hole is available at the cathode for

recombination. Equation (7) is only valid within these

limits. For higher applied voltages the gain levels off

according to equation (9).

In GaAs the situation is complicated further. Assume,

for example, the gain limit
max is already reached at low

fields, about 1 kV/cm, within the linear mobility region.

This is the case for relative long lifetimes (see Eqn.

(7)). The gain increase is proportional to the applied

voltage until a field of 1 kV/cm is reached. With further

increase of voltage the gain remains constant at ''max =

8.5 (assuming pn = 4,000 cm2/Vs and pp = 250 cm2/Vs) until

the electron peak velocity (2 x 10 7
cm/s [11]) is reached

at about 3.6 kV/cm (see Fig. 1). According to Eqn. (9a)

the gain decreases now with further increasing voltage to

max = 1 at the point where the hole velocity saturates and

equals the electron saturation velocity which is about 1 x

10
7
cm/s [12]. (See curve a in Fig. 2).

Another possibility is that the gain in (7) reaches a

limit at 3.6 kV/cm below the r
max of Eqn. (9), because

electrons reach their peak-velocity, i.e. the minimum

transit time is achieved. For further increasing voltage

the gain slightly decreases (negative mobility region) and



9

10 20

E (kV/cm)

Fig. 1 Velocity-field characteristics for GaAs

(v (E) estimated from A = 250 cm2/Vs)

E (kV/cm)

Fig. 2 Photoconductive gain versus electric field for

GaAs (assuming a uniform field distribution)
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then levels off until the applied electrical field causes

rmax to drop below this value and the gain follows again

Eqn. (6) (curve b in Fig. 2).

Until now charge neutrality was assumed. In reality a

space charge region and a nonlinear field distribution

forms in the channel for voltages which correspond to

fields above 3.6 kV/cm. For even higher voltages avala-

nching may occur. (For a more detailed treatment of the

space charge region and avalanche effects refer to Chapter

III, Section "I-V Characteristics"). In evaluating photo-

current vs. applied voltage curves , all this must be

considered. This makes complete understanding and analysis

of the I
PH-Vappl data very difficult.

Carrier Lifetime:

1. For direct recombination with no trapping effects,

the bulk carrier lifetime can be written as

1

with a n ( 1 0 )

which is the time required for an electron to move

throughout a volume equal to that associated with one hole

(8]. with is the thermal velocity and G the electron-hole

recombination cross section. Combining Eqns. (10) and (2)

yields a carrier concentration of

n = 1
v a g.
th
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Since J is proportional to n, and g is proportional to the

optical input power, the photocurrent should increase with

the square root of light intensity.

2. If there is a sufficient density of recombination

centers (see Eqn. (13)), Eqn. (1) changes to

1
To =

vth T
NT i (12)

N
T being the recombination center density and T

T
the

electron or hole capture cross section. The carrier life-

time is independent of the carrier density, and the photo-

current should increase linearly with optical input power.

Under the condition

T
N
T >ori (13)

the lifetime resulting from recombination via recombina-

tion centers is shorter than the intrinsic lifetime, and

the main recombination process takes place via recombi-

nation centers. With increasing carrier density, however,

the intrinsic lifetime becomes shorter, and for high illu-

mination levels the photocurrent behavior changes from

linear to a square root dependence on optical input power.

3. Surface and contact effects: In practical devices

with dimensions comparable to an electron diffusion length

(5 gm for GaAs) and with large surface areas, surface and

contact recombination must be taken into account for the

effective lifetime:



Here

= 1 __ __
eff T

o
T
s

T

Zs and t are the lifetimes

and contact recombination,

12

(14)

resulting from surface

respectively. Expressions for

Z's and are derived in [7]. The expression for r
c

is

with

210 sinh[01+1)/4] sinh[11-1)/4]TC = To [ 1 +
X2 sinh[lp/a/2]

where L
a is the ambipolar

gets

= V/VT A //La

diffusion length. For V
s

one

sL 2L
sinh wi2LT

s
= To [ 1

D
p w sinh(w/L.2) (s-L

P
ID

P
F cosh w/2L

p

where

length,

surface recombination velocity.

w is the channel depth, L is the hole diffusion

D is the hole diffusion constant and s is the

For sufficiently long and thick devices, contact and

surface recombination can be neglected and r f Foreff
short devices such as coaxial detectors with a thin active

layer between contacts, r « Z" andand the effective

lifetime becomes Zeff t
c For thin devices with long

channels, only the surface recombination is important and

r r
eff s'



Gain-Bandwidth Product:

The bandwidth is defined as

B
1

2 7 T
eff

With Eqn. (8) the gain-bandwidth product is

rB =
1

2 Tr ttr

13

(15)

(16)

rB is independent of the effective lifetime, but depends

on the transit time

or

1
2

t
tr p V

ttr = 1tr

(17a)

(17b)

in the nonlinear mobility region. ttr depends on material

properties (mobility and saturation velocity), on the

device design (channel length) and on the applied voltage.



14

III. EXPERIMENT SETUP

Driving Circuit for Laser Diode:

An experiment was devised to measure the transient

behavior of SI-GaAs photodetectors. A directly modulated

single mode GaAs laser diode (NEC NDL 3000A) with an

emitting wavelength of 785 nm was chosen as light source.

It was driven by a square wave generator (HP PG 507) as

shown in Fig. 3. Care was taken to match all ends to

prevent reflections in the cables which would cause cur-

rent spikes and destroy the diode. Assuming a 3 Ohm for-

ward resistance of the diode, a 47 Ohm resistor was moun-

ted directly in the laser diode package to achieve a

matched connection.

A laser diode initially driven in an unmatched cir-

cuit degraded within a few hours. The damaging current

spikes were discovered by monitoring the light output with

the built-in photodiode. It showed a very short spike at

the onset of each step function.

Collimating Lens Mount:

Normally, a laser diode has a divergence angle of

about 20°. To achieve a small, concentrated, almost

parallel beam, a lens mount was made (Fig. 4). A micros-

cope lens (f = 9.6 mm) was mounted in a small holder which

screws into the mount. The distance between the laser and



5012 t4711.
Laser
diode

Oscilloscop
5012

Fig. 3 Driving circuit for laser diode

Loser

Fig. 4 Collimating lens mount

15
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the lens could be adjusted by screwing the lens holder in

or out. So it was possible to achieve a nearly parallel

beam which contains almost all of the total laser output.

Beam profiles in horizontal and vertical direction

were recorded with a silicon photodiode at a distance of

50 cm. They are shown in Fig. 5a and 5b. The figures show

many "ripples" in the beam distribution. These are probab-

ly due to interference effects and multiple reflections

between laser, lens and the backside of the laser with the

monitoring photodiode. The asymmetry of the beam is due to

the asymmetric output of the diode itself.

The beam diameter was checked at a distance of 2.5 m

and was found to be about 30'mm. This indicates a beam

which is well collimated for our purposes.

Focusing of Laser Beam:

The samples were mounted in a nitrogen cooled vacuum

dewer with a quartz window in front of the sample holder

to allow illumination of the sample from outside. The

dewer consisted of two vacuum chambers and a center cham-

ber which contained the liquid nitrogen. One of the vacuum

chambers insulated the sample holder in the other chamber

thermally from the nitrogen to allow reheating of the

sample and therefore continuous temperature variation and

control from 80 K to room temperature.
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Fig. 5a Beam profile in horizontal direction
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Fig. 5b Beam profile in vertical direction
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The parallel beam from the laser lens mount was

coupled into the dewer through the quartz window. In front

of the sample another lens of the same type (f = 9.6 mm)

was mounted to focus the light onto the detector gap. The

beam profile at the focal point of the lens was measured

with a detector of 8 gm channel length mounted on an xyz

stage. The result for horizontal direction is shown in

Fig. 6. The FWHM is approximately 100 um, as indicated in

the illustration. Uniform illumination of the channel can

therefore be assumed.

Since the beam could not be focused down to the size

of one detector area, it was not possible to calculate

absolute values such as gain etc. from the data. However,

measurements were made relative to each other. Certain

trends could be observed and qualitative statements will

be made.

The samples were biased using a 6 V lantern battery

(to avoid ground loops) in series with a resistor ranging

from 50 Ohm to 11 KOhm. The photocurrent was measured by

monitoring the voltage drop across the limiting resistor

with an oscilloscope.

Calibration of Laser Diode:

With a photometer the monitor current of the built-in

photodiode was calibrated against the measured power out-

put. The relation is linear up to 1.5 mA of the monitor
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Fig. 6 Beam profile at focal point
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Fig. 7 Calibration of laser output
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current (see Fig. 7). Above 1.5 mA the monitor current

increases slower than the photometer output, which is

probably due to saturation of the photodiode.

Samples:

Undoped and Chromium doped (NC , 1 x 1013 cm-3) LEC-

grown SI-GaAs wafers with Testpatterns as shown in Figure

8 were taken as samples for studying photoconductivity.

Channel lengths ranged from 1 to 8 gm, the channel width

was 50 gm. Two types of contacts were applied: n+ implant

contacts with a depth of about 3000 A and a donor concen-

tration of 2 x 10 18 cm 3, and ohmic metal contacts "al-

loyed" (1 min at 450°C) on the GaAs surface. The diffusion

depth of the metal contacts is not known, but should be

very shallow (in the order of 100 A).



1 811m I 8 pm

23

urn

A

n IMPLANT CONTACT OHMIC METAL

Fig. 8 Testpatterns on GaAs wafer

The figure shows two channels with two types of

contacts: ohmic metal on SI-GaAs (left channel)

and ohmic metal on an n+ implant region (right

channel). Channel lengths range from 1 to 8 gm and

channel widths are 50 pm for all channels.
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IV. RESULTS

Comparison of n+ Implant/Ohmic Metal with Ohmic Metal

Contacts:

The GaAs detectors were illuminated by a laser diode

and the resulting photocurrent was measured. Measurements

were taken at room temperature. The output of the samples
.

with n
+

implant contacts was 2 to 5 times larger than the

output of the samples with pure ohmic metal contacts. This

behavior was observed for undoped and Cr-doped samples

under low and under high illumination levels (i.e. for

photocurrents in the range of 1 AA to 50 AA).

The n
+

contact depth was about 3000 A, the metal

contact diffusion depth probably less than 100 A. These

depths are negligible compared to the channel length (2,

4, and 8 um), and the geometry of the electric field lines

between anode and cathode should be the same for both

types. Therefore only material properties of the contacts

can be responsible for the difference in photocurrent,

since for both types the same number of photocarriers are

generated and swept to the contacts. The "ohmic" metal

directly on the SI-GaAs surface probably behaves as a

Schottky contact, blocking some of the carriers and limi-

ting the photocurrent.

On the other hand, photocurrent output for samples

with the same contacts was nearly independent of the
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channel length. Recall Eqn. (5) for the gain

r = T
eff (v

n + vp)
1

Assuming a constant effective lifetime (which is only an

approximation, since contact recombination decreases r'eff

for short channels), the gain is proportional to 1/1. The

total incident light power for uniform illumination is

proportional to 1, leading to a photocurrent independent

of channel length.

Photocurrent-Voltage Characeristics:

The room temperature photocurrent versus applied vol-

tage was recorded with a curve tracer under different

illumination levels for samples with various channel

lengths and contacts. Figure 9 shows I-V curves for a Cr-

doped sample with 4 um channel length and n+ implant

contacts. Three regions can be distinguished: the low

field region (a), the high field region (b), and the

breakdown region (c).

(a). In the low field region the photocurrent in-

creases linearly with applied voltage according to the

photocurrent equation

J = en (vn v
P

) (lb)
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Fig. 9 Photocurrent-voltage characteristics for a SI-GaAs

photoconductor
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This formula implies that the neutrality condition is

fulfilled in the device which can be assumed as long as

the contacts act as ohmic contacts and as long as a uni-

form field below the value corresponding to the electron

peak-velocity is present in the channel. The electron

drift velocity in GaAs is proportional to the applied

electric field up to about 2.5 kV/cm, which corresponds to

a voltage of 1 V across the channel.

(b). High field region: If the electric field distri-

bution were uniform along the channel, the photocurrent

should be independent of voltage above 1.5 to 2 V or

should even decrease slightly with increasing voltage

since the electron drift velocity in GaAs decreases with

increasing electric field above 3.6 kV/cm (negative dif-

ferential mobility region) faster than the hole mobility

increases (see Figures 1 and 2). In fact, the current

increases further with applied voltage, however, not as

strongly as in the low field region and not linearly.

According to Beneking et al. [6,7], the field in re-

channel GaAs photoconductors becomes nonuniform at a vol-

tage above the threshold value Vth = Eth1 where Eth = 3.6

kV/cm) and under the stable field condition (no > 1015 clI3

after Jeppesen [13]), a stable high field domain forms

at the anode. Correspondingly, a space charge region is

developed as needed to achieve current continuity in the
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channel. The field outside the domain is always smaller

than the peak-velocity field. The domain absorbs the lar-

gest portion of the applied voltage. With increasing vol-

tage it extends towards the cathode, thus increasing the

space charge region. Calculated field and carrier distri-

butions are shown in Fig. 10.

Computer simulations show [6,7] that for uniform

illumination the generated excess holes are swept out of

the space charge region whereas excess electrons are accu-

mulated. The excess electron concentration is several

times larger than that of the holes in the domain which

results in a higher gain.

For a uniform field distribution, space charge neutra-

lity holds. Assuming there are as many excess electrons as

holes, the gain is limited to

r =
2

(1 + 12)

This relation is no longer valid for a nonuniform field

distribution with a negative differential mobility region

for electrons. The suggested mechanism [6] is different

from the one outlined in chapter II (see Eqn. (9a)) and

higher gains are possible. .A positive charge Qp moving

across the negative mobility region causes a certain

amount of electrons, Qn, to pass this region in the other

direction. The gain is limited by the ratio of the total
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electron to the total hole charge moving across the nega-

tive mobility region rather than by the ratio of electron

to hole velocity

Qnr = 1 (18)

Note the similarity to Eqn. (9a). For a derivation of the

ratio of electron to hole charge and accordingly, of the

gain, refer to [6].

Sensitivity calculations for an n-channel photocon-

ductor show a clear increase of sensitivity by a factor of

2 to 5 within the space charge region [6]. SEM measure-

ments in EBIC mode (local electron beam induced carrier

generation) showed the same general sensitivity distribu-

tion along an n-channel [5], which supports the consider-

ations above.

Simulations and measurements found in the literature

were all carried out for n-doped detectors. Therefore the

extension to SI-GaAs is only tentative and needs further

investigation. Jeppesen [13] attributed the ocurrence of a

stationary anode domain to the readjustment effect caused

by the diffusion component of the current in supercriti-

cally doped transferred electron devices (TEDs). Below the

doping level given by the stable field condition (no =

10
15

cm-3 ) the field begins to oscillate. However, the

doping level of the samples studied here is within the

range of subcritically doped TEDs (condition for subcriti-
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cal doping: no.1 S 5x10 11cm-3 after McCumber [14]). Thus,

a similar stable field distribution is formed [15, p.650]

and the same general mechanisms should apply.

(c). Breakdown region: The onset of "breakdown", a

strong increase in dark current when exceeding a certain

voltage, varied between 8 and 25 volts. No trends could be

seen. Certainly, it did not depend upon channel length. It

is believed that avalanche or tunnel breakdown is res-

ponsible for this increase. A calculation of field distri-

bution along the channel in SI-GaAs (similar to the calcu-

lations done by McCumber et al. [14]) could yield more

exact values of the expected fields. Avalanche breakdown,

for example, occurs in GaAs around 300 to 500 kV/cm [15,

p.47]. Beneking's data for n-type GaAs show peak fields of

75 kV/cm for 8 V applied voltage suggesting a possible

avalanche mechanism.

The increase of dark current, although strong, is not

as dramatic as for a pn-junction. This could be due to a

different field distribution: The length of the area where

the field is high enough to cause avalanching depends on

the applied voltage. So at the onset of breakdown this

area is shOrt and carrier multiplication is slight. With

further increase of the field the avalanche domain widens

and avalanche generated carriers increase exponentially
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with domain length.

Recombination Centers:

Steady state photocurrent versus optical input power

was measured in the range of 1 gA to 50 gA and found to be

linear within this 50-fold variation (see Fig. 11).

A linear relation suggests a constant effective life-

time independent of carrier concentration (see chapter II,

section "Carrier Lifetime"). Recall the equation for the

effective lifetime:

(14)

Both the surface recombination rate 1/Vs and the contact

recombination rate vrc are independent of carrier concen-

tration [7]. /1'3 is only independent of carrier concentra-

tion if there is a sufficient recombination center density

( TTNT > rn) so that no direct band-to-band recombination

takes place. The photoconductors studied are of high puri-

ty SI-GaAs. A high recombination center density is there-

fore not likely. The linear relationship of photocurrent

versus input power suggests then mainly surface or contact

recombination. For channel lengths 1 < 6 Lp, where Lp =

1.2 um is the hole diffusion length, contact recombination

must be considered [7]. Under this condition enough holes

can diffuse to the contacts to contribute to the overall

recombination rate. Furthermore, the samples measured have

NG-
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large surface areas. The combined effective lifetime is

then

1 1 1

T
eff T

s TC

and volume recombination can be neglected.

(19)

Deep Level Traps:

Beneking attributed two phenomena observed in the

optical response behavior of n-type GaAs photoconductors

to the presence of deep level traps, particularly to

chromium (Cr) contamination of the n-channels by outdiffu-

sion of Cr from the heavily doped SI-GaAs substrate [7]:

1. A long tail in the photoresponse is found after

excitation with short pulses (25 to 100 ps) and a slow

fall time (in the order of 10 gas) occurs after excitation

with long pulses ( > 20 us).

2. The steady state gain rw is about 250 compared to

an initial gain of about 2.

The first observation can be explained by trapping of

the photogenerated excess holes during illumination with a

relative long trapping time constant rT. The Fermi level

splits in two quasi-Fermi levels, one for holes and the

other for electrons. When generating excess holes, the

hole Fermi level moves below the trap energy level (0.89
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eV above the valence band for the Cr trap HL1) and the

traps fill with holes as indicated in Fig. 12. In order to

conserve charge neutrality, the electron concentration

must increase in proportion to the concentration of filled

traps, thus increasing the conductivity of the sample. To

be specific, let the initial photocurrent Iph = 50 gA, the

electron drift velocity vn = 107 cm/s, and the channel

depth about 1 um (corresponding to an absorption constant

ot= 10
4
/cm). Without trapping, this would result in a

steady state carrier concentration of n (and p) =

6.25x10 13 cm 3. In this case a trap concentration of NT =
-7.8x1015 cm 3

would be sufficient to increase the gain

from 2 to 250 (a factor of 125) by balancing the positive

charge of the filled traps with free electrons. Beneking

does not report the Cr concentration of the substrate he

used. But a common doping concentration is about 5x1015

cm
-3

, which agrees well with the rough calculation above.

The trapping time constant VT is given by

T
T = ( v

th,p LP )
-1

(20)

[16]. Here vth,p is the thermal velocity of a hole, Ap is

the excess hole concentration, and 6- is the hole capture

cross section of the Cr trap. With T = 5x10-17 cm2 (Cr

trap HL1 [16]), Ap = 5x1013 cm-3 (for Iph = 50 gA), and

v
th,p = 1.8x107 cm/s [11], the trapping time constant rT

is about 20 gs which is close to the expected value.
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After switching off the light, the process is rever-

sed. The quasi-Fermi level for holes moves up over the

trap energy level and the traps emit their holes which

recombine rapidly (typically < 10 ns) with electron, thus

decreasing the electron concentration and the photo-

current.

The trapping and reemission time constants (1 to 50

us) are several orders of magnitude higher than the life-

times of free electrons and holes which explains the very

long tail in photoresponse and also that the steady state

gain roo will be achieved only after a long illumination

time.

This model is supported by the following observation.

If a steady state illumination corresponding in quantum

energy to the trap level distance ET - Ev is used, the

reemission is rapid (photon induced reemission) and the

tail in the photoresponse diminishes [7]. It would be

interesting to look at the gain under this type of illumi-

nation. It should not increase above the initial value of

2 - 5.

Within the experimental work of this thesis photores-

ponse measurements were taken for ohmic contact gaps on

undoped and Cr-doped SI-GaAs samples. Rise and fall times

observed were < 50 ns (limit of resolution), even for Cr-
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doped samples. The Cr-concentration in these samples was

about 1x1015 cm-3 . But for SI-GaAs, contrary to the n-type

samples studied by Beneking, the equilibrium Fermi level

is near the middle of the bandgap at Ev + .71 eV. The HL1-

level is located .89 eV above the valence band and there-

fore 0.18 eV above the Fermi level. The traps are then

always filled with holes. No filling during illumination

and no reemission after switching off the light source can

occur. Therefore, no slow rise and fall times could be

observed for both undoped and Cr-doped SI-GaAs. The Cr

traps apparently do not have an influence on the photore-

sponse behavior of SI-GaAs.

Photocurrent-Temperature Dependence:

For both undoped and Cr-doped samples, photocurrent

versus temperature was recorded from 300 K down to about

liquid nitrogen temperature (80 K). The graphs are shown

in Fig. 13. The photocurrent for the undoped SI-GaAs

sample is more than ten times higher than for the Cr-doped

sample at the same power output of the laser diode and for

all temperatures. In general, measurements at room tempe-

rature showed a higher photocurrent for the undoped sam-

ples. This is probably due to a lower electron mobility in

the Cr-doped material.

The factor of 10 mentioned above is a larger diffe-
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Fig. 13 Photocurrent-temperature dependence for undoped

and Cr-doped SI-GaAs photoconductors:

a) undoped SI-GaAs, low illumination

b) Cr-doped SI-GaAs, low illumination

c) Cr-doped SI-GaAs, high illumination
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rence than for the other measurements at room temperature

and may reflect certain experimental variables. The lens

in front of the sample was inside the dewer and could not

be adjusted during the measurements. Even at room tempera-

ture, when the quartz window was removed and the lens was

accessible, the adjustment of the lens-sample distance by

screwing the lens into a thread was a quite coarse proce-

dure. Furthermore, the sample position in the focal plane

could not be changed after the lens was mounted in front

of the sample. This was a main problem in focusing the

laser light onto the photoconducting channel. The focusing

process was a tedious procedure, not well repeatable, and

the achieved optical power density on the detector could

not be determined accurately.

A lens mounted on an xyz stage with fine adjustment

capability outside the vacuum dewer for easy access during

temperature measurements, and the sample sitting right

behind the quartz window, would improve the focusing pro-

cedure. The light spot could then be enlarged and moni-

tored with an IR camera and the light intensity optimized

and determined accurately.

In the range of 300 K down to 200 K the photocurrent

decreases slightly by a factor of 1.5 to 2, having a

minimum at about 160 - 200 K. Both hole and electron

mobilities increase for lower temperature by a factor of
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about 3 within this range [11]. For an applied voltage of

6 V the field is high enough to be within the nonlinear

mobility region where the electron velocity peaks and

saturates (see Fig. 1). Making the gross assumption of a

uniform field along the channel, one finds E = 7.5 kV/cm,

v
n,sat = 1x107 cm/s, and v = 2x10 6

cm/s. Let us consider

now the temperature dependence of the saturation velocity.

After Blakemore [11]

= (1.28 - 0.015T) x 10 7
cm/sv

n,sat (21)

which yields an increase of about 20%, when the tempera-

ture drops from 300 K to 160 K. At a field of 7.5 kV/cm

the holes are still in the linear mobility region. There-

fore, the electron transit time should decrease by 20%,

the hole transit time by a factor of 3. The overall gain

according to Eqn. (7) should then increase, but it does

not. This indicates that the gain limit is reached and the

gain follows Eqn.

yields

300K

200K

=

=

(9a).

,1

2
(1

1 (1
2

Taking the

+ 1x10
7

)

values mentioned above

= 3

) 1.5

2x10
6

+
1 2x107

6x 10 6

The maximum gain decreases by a factor of 2, which agrees

well with the data.

Below 160 K the photocurrent increases rapidly by a
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factor of 160 (undoped SI-GaAs) and seemed to be leveling

off below 80 K. For the Cr-doped samples photocurrent

begins to increase at a lower temperature (about 140 K).

The temperature limit of the dewer was 80 K. Therefore,

the photocurrent could be measured at lower temperatures

to determine where it levels off.

Following the argument outlined above, the gain

should decrease further with temperature below 200 K.

Hence, the sudden dramatic increase of photocurrent at

lower temperatures must be due to a change in carrier

density. Photocurrent is proportional to the photocarrier

density which is given by Eqn. (2) (n = reff.g). For a

constant illumination level the carrier density is propor-

tional to the effective carrier lifetime. The proposed

mechanism for the sudden increase of photocurrent is an

increase of the effective lifetime of photocarriers.

A typical value for the bulk lifetime ro in SI-GaAs

is 10 ns [17, p.126]. Consider next the surface recombina-

tion: For very high surface recombination velocities,

surface recombination will be limited by the number of

holes available at the surface by diffusion from the

channel and, therefore, by the maximum hole velocity [7].

This yields a minimum lifetime of

. = 10 ps (22)s vp,
sat
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assuming a channel depth of w = 1 gm.

Similarly, the minimum lifetime resulting from con-

tact recombination is for a 4 gm channel

1
pTc,min 2 v

p,sat
20 s (23)

(the factor 2 accounts for two contacts).

For the samplSs studied, the effective lifetime was

not determined but can be roughly estimated. The average

light intensity was 20 W/cm2 at the focal point, calcu-

lated from the beam profile of Fig. 6 and a total laser

output of 1.5 mW. The number of incident photons/cm2 is

8x10 19/cm2s and the generation rate is g = 5.6x1023/cm3 s,

assuming an absorption coefficient of a = 104/cm and a

reflection of 30% at the surface. With I
ph = 50 gA, n =

6.25x10 13 /cm 3
at room temperature, this results in an

effective lifetime of

eff g
= 100 'Ds.

This is a reasonable value. The minimum lifetimes for

surface and contact recombination are below this value and

it is reasonable to assume a somewhat higher actual life-

time since the holes do not move with their maximum satu-

ration velocity.

For temperatures below a certain threshold value,

surface and contact recombination centers "freeze" out,

the associated lifetimes reach nearly infinity; they be-
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come greater than the bulk lifetime and the carriers

recombine now inside the bulk with a recombination rate

determined by the bulk lifetime (typically 10 ns). This is

a 100-fold increase and could explain the increase of

photocurrent.

It would be interesting to determine where and how

the photocurrent levels off. Also, direct measurements of

lifetimes, for example with the PME technique [18], could

give further insight in the photocurrent-temperature de-

pendence.

It was found that the free excess carriers in the

studied samples have a constant effective lifetime (in the

order of 10 - 100 ps) for temperatures above 200 K. For a

constant illumination the carrier density is constant and

the photocurrent is proportional to the gain which follows

Eqn. (9a). Below 160 K the effective lifetime and there-

fore the photocurrent increase by one or two orders of

magnitude whereas the gain stays essentially constant. The

effective lifetime at room temperature is determined main-

ly by surface and/or contact recombination. For tempera-

tures below 100 K, surface/contact recombination becomes

negligible compared to bulk recombination and the effec-

tive lifetime is determined by the bulk lifetime.
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V. SUMMARY

The photoresponse behavior of SI-GaAs photoconductors

has been studied. For samples with n+ implant/ohmic metal

contacts the photocurrent is 2 - 5 times larger than for

samples with the metal contacts directly on SI-GaAs. The

latter behaves as a Schottky contact, blocking some of the

carriers and limiting the photocurrent.

Photocurrent-voltage characteristics have been mea-

sured. At fields above the threshold value E
th = 3.6 kV/cm

a nonuniform field distribution and a space charge region

forms and the photoconductive gain increases further with

voltage, contrary to expectations based on the simple

assumption of charge neutrality and a uniform field dis-

tribution in the channel. An analytical solution fails and

computer models have to be used. A model for n-type (su-

percritically doped) GaAs was presented in [6] and can

possibly be extended to the case of SI-GaAs.

Avalanching is responsible for a strong increase of

photocurrent above 8 - 20 V. This mechanism should be

clarified and supported by a calculation of the exact

field distribution with a computer model.

The photocurrent increases linearly with optical

input power. Therefore, the effective lifetime must be

independent of the carrier concentration which is the case

for recombination via recombination centers. For small
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dimensions surface and contact recombination become impor-

tant and device geometry determines the carrier lifetimes

resulting from surface and contact recombinations.

Nonlinear effects such as steady state gains excee-

ding 200 and slow rise and fall times have not been obser-

ved in either undoped or Cr-doped SI-GaAs. As long as the

equilibrium Fermi level is located below the hole trap

level, these traps do not affect the photoresponse beha-

vior of GaAs. In the case of SI-GaAs, lightly Cr-doped

material can be used without limiting the practical appli-

cations of the devices.

A more than 100-fold increase of photocurrent has

been observed for temperatures below 160 K. This is sup-

posed to be due to an increase of the effective carrier

lifetime. Recombination centers - probably at the surface

- freeze out and the effective lifetime approaches the

bulk lifetime (typically 10 ns).

A more detailed study and measurements of carrier

lifetimes seem necessary to determine unambiguously the

effect of temperature on surface recombination and on the

effective lifetime. Calculations of the field distribution

along an SI-GaAs channel by computer simulations should

lead to a better understanding of the I-V characteristics

and of the photoconductive gain mechanism for high applied

voltages.
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