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CHARACTERISTICS OF SEMI-INSULATING GaAs PHOTOCONDUCTIVE

DETECTORS UNDER STEADY STATE ILLUMINATION

I. INTRODUCTION

The ultrafast photoresponse, in the 100 picosecond

range, of a metal semiconductor field effect transistor

(MESFET) used as an optical detector was first reported

by C. Baack et al. in 1977 [1]. To explain the operating

principle of this high speed detector, a photoconductive

mechanism was proposed by J.C. Gammel et al. [2, 3] and

a photodiode mechanism was proposed by T. Sugeta et al.

[4]. It became clear that the GaAs MESFET operates as a

simple photoconductor after layers without a gate were

studied [5, 6]. Meanwhile, several other types of GaAs

planar photoconductive detectors have been developed as

novel picosecond optical components [7-12].

These GaAs photoconductors are fabricated in one of

two ways: 1) electrodes are directly deposited onto a

semi-insulating (SI) GaAs substrate [7, 8], or 2) elec-

trodes are deposited onto an n- epitaxial layer [9-12].

Photoresponse studies of the n- -channel GaAs detectors

with ohmic contacts were reported by H. Beneking et al.

[13] and C.J. Wei et al. [14] in 1982. Characteristics

of SI-GaAs detectors, however, have not been studied in

detail.
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The purpose of this thesis is to investigate the

operating mechanisms of SI-GaAs photoconductors by mea-

suring current versus voltage (I-V) characteristics,

photocurrent gain, spectral response, and temperature ef-

fects. The theory of photoconductive detectors is deve-

loped in Chapter II followed by experimental results in

Chapters III to V. Current voltage characteristics of

the ohmic contact detector (OCD) and the Schottky (block-

ing) contact detector (SCD) are discussed in Chapters

III and IV, respectively. The spectral response at dif-

ferent temperatures for both OCD and SCD is discussed in

Chapter V. Conclusions and suggestions for future work

are given in Chapter VI.
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II. THEORETICAL BACKGROUND

In this chapter, concepts and theories used in the

thesis are briefly reviewed.

2.1 The Photoconductive Detector [15]

A typical photoconductive detector consists of a

slab of semiconductor with two metal contacts affixed

either to opposite ends or to the top surface (Fig. 2-1).

There are two types of photoconductive detectors: in-

trinsic and extrinsic photoconductors. In this section,

only intrinsic photoconductors are discussed.

The detector is called a photoconductor because it

converts photons directly into conducting electrons (and

/ or holes). For intrinsic photoconductors a photon of

sufficient energy can be absorbed by the semiconductor to

excite an electron from the valence band to the conduc-

tion band and the photoexcited electron and resulting

hole can then be observed through an increase in electri-

cal current. The detected photon must have an energy

E > E gr where E
9
is the semiconductor bandgap energy.

2.2 Secondary and Primary Photoconductivity [16, 17]

Secondary photoconductivity occurs when a photocon-

ductor is fabricated with ohmic contacts. Such contacts

supply a reservoir of carriers to the semiconductor as
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Fig. 2-1 Photoconductive detector. (a): coaxial

structure; (b): planar structure.
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needed. If an electric field is applied to a photocon-

ductor with ohmic contacts, a photocurrent can be pro-

duced such that a photo-generated electron (or hole)

enters the anode (or cathode) and a free electron (or

hole) in the cathode (or anode) enters the semiconductor

simultaneously. This process implies that transport of

electrons (or holes) through the semiconductor in re-

sponse to low applied electric fields does not affect

their distributions. Ideally, these distributions are

uniform through the sensing region of the detector under

uniform illumination (Fig. 2-2, solid line). If surface

and contact recombination are considered, the carrier

distribution may not be uniform (Fig. 2-2, dashed line),

but is still independent of the applied electric field.

Secondary photoconductivity may also occur in a

Schottky contact photoconductor if the bias field is

sufficiently high. In this case, the electron injection

is caused by tunneling and barrier lowering effects.

Since free electrons from the cathode can be in-

jected into the semiconductor when an electric field is

applied, the observed photocurrent may be larger than the

current produced by photo-generated carriers. Thus, a

photocurrent gain greater than unity may exist, which can

be defined as [17]



p/n

N

0
(a)

L

Fig. 2-2 Distributions of photocarriers

(a): in the OCD

6

under bias.

ideal case, after considering

recombinations); (b): in the SCD (disturbed by bias).
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g = Io (2-1)

where Iph is the observed photocurrent and I, is the

primary photocurrent produced by photo carriers. These

currents can be expressed as

and

P opt Nn + Pp
I = q (1 0(t1 )( rreff E (2-2)

hP L

Poft
I = q (1 - r) (11

hv
(2-3)

where q is the electronic charge, r is the surface ref-

lection coefficient, ri is the internal quantum effi-

ciency, Pppt is the optical power absorbed by the detec-

tor, hv is the incident photon energy, pn and pp are

electron and hole mobilities, respectively, L is the

device channel length, -CeAc is the carrier effective

lifetime, and E is the applied electric field. Substitu-

ting Equations (2-2) and (2-3) into Eq. (2-1) gives

I Ph (pn + pp ) Ceff
9 15.4 E /-

I. t-T

(2-4)

where TT = L / (vn + vp) is the carrier transit time, and

vn and vp are electron and hole drift velocities,

respectively. They are defined, in the low field regime,
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vn = pnE

vp = ppE

In steady state the carrier generation rate of a

photoconductor is

(Pept / hY) n
G =) (2-5)

WLH Te-ff

where n is the generated carrier density and WLH is the

device volume (see Fig. 2 -la).

If the detector contacts are not ohmic but Schottky

(blocking) contacts and the bias field is not high, extra

carriers cannot be injected into the semiconductor.

Thus, only photo-generated carriers flow between the

electrodes, that is, primary photoconductivity occurs.

The transport process of primary photoconductivity is

different from that of secondary photoconductivity. Un-

der the influence of an electric field, a photo-generated

electron-hole pair is separated and swept out of the

semiconductor to contribute to the current. Since free

carriers cannot be injected from the electrodes, the

distribution of photo-generated carriers can be disturbed

by the applied electric field as shown in Fig. 2-2b.
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2.3 Recombination

Although direct recombination is important for III-V

compunds with direct bandgaps, indirect recombination can

also be a significant process for a III-V semiconductor

having imperfection centers [18]. The undoped semi-

insulating GaAs used in the work is compensated by a deep

center called EL2 [see e.g. 19]. Located near the middle

of the bandgap, EL2 may function as a Shockley-Read

recombination center for indirect recombination.
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III. I-V CHARACTERISTICS OF

OHMIC CONTACT DETECTORS

3.1 Samples and Apparatus

Samples involved in this study were fabricated and

supplied by Tektronix, Inc., Beaverton, Oregon. A cross

sectional view of the ohmic contact detector (OCD) is

shown in Fig. 3-1. Two n+ islands with a depth of about

6

3000 A and a donor concentration of 2x10
18

CM-3 are

formed by Si ion implantation for ohmic contacts. The

Au:Ge:Ni alloy (1 minute at 450° C) electrodes, 60 pm

wide, are deposited onto the surface of the n+ islands.

The photosensing area is the gap between two electrodes.

Gap sizes are 2, 4, and 8 pm, but the n+ regions extend

out about 0.5 pm so the actual channel lengths are about

1, 3, and 7 pm.

Detector dark current was measured in a DC mode

using Hewlett-Packard automated test system (TECAP) with

-15
10 A current sensitivity. A TEKTRONIX 576 curve tra-

cer was used to determine the photo I-V response. The

light source was a SPECTRA PHYSICS 086-3 HeNe laser whose

output is focused with a 5 mm focal length lens to a spot

diameter of 76 pm (3 mil) providing uniform illumination

of 18.6 W/cma over the detector areas (Fig. 3-2).
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Fig. 3-1 Cross sectional view of the ohmic contact

detector.
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3.2 Experimental Results

i. Dark current vs. bias

At room temperature the dark current of the OCD

measured as a function of the applied voltage is shown in

Fig. 3-3. The dark current increases linearly with bias

voltage, i.e., Ohm's law is satisfied. The 2 pm gaps

showed avalanche breakdown at bias values around 14

volts. When this occurred, visible light was emitted near

the anode of the device indicating hot electron recombi-

nations. The "breakdown" of 4 and 8 pm gaps was soft and

no emitted light was observed. The breakdown voltages

varied from sample to sample in a bias range of 5 to 30

volts. The samples were also measured at 77 K by immer-

sion in liquid N2. No dark current was observed until

breakdown occurred.

ii. Photocurrent vs. bias

The laser beam is focused onto the biased OCD sample

to stimulate the photocurrent. The observed photo I-V

curves of the samples with 2, 4, and 8 pm gaps are shown

in Figures 3-4, 3-5, and 3-6, respectively. These curves

can be divided into three regions: the linear region,

where the bias is small and the photocurrent is propor-

tional to the bias; the saturation region, where the

photocurrent remains almost constant; and the breakdown
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Fig. 3-4

Part (a)

tal: 50

15

(a)

(b)

Photo I-V characteristics of a 2 pm gap OCD.

low bias range, vertical: 100 1A /div., horizon-

mV /div.. Part (b) entire bias range, vertical:

1 mA/div., horizontal: 5 V /div..



Fig. 3-5

Part (a)

tal: 50
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(a)

(b)

Photo I-V characteristics of a 4 ,um gap OCD.

low bias range, vertical: 20 ,uA /div., horizon-

mV/div. Part (b) entire bias range, vertical:

0.2 mA/div., horizontal: 5 V/div..
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Part (a)

tal: 50

17

(a)

(b)

Photo I-V characteristics of a 8 pm gap OCD.

low bias range, vertical: 10 PA /div., horizon-

mV/div.. Part (b) entire bias range, vertical:

10 pA/div., horizontal: 5 V/div..
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region, where the current increases rapidly with a slight

increase of the bias. Three features are apparent from

the I-V curves: 1) the detector with a shorter gap can

achieve a larger photocurrent, 2) the photocurrent satu-

rates at a low applied voltage, 3) the saturation vol-

tage essentially does not vary with the channel length.

iii. Photocurrent vs. bias with varying light intensity

A polarizer is placed in front of the laser to vary

the incident light power. Fig. 3-7 shows a family of

photo I-V curves at different light intensities. The

photocurrent increases superlinearly with increase of the

incident power as shown Fig. 3-8. Although a larger pho-

tocurrent can be stimulated by a higher incident power,

the linear region of the photo I-V curve remains virtual-

ly constant.

iv. Photocurrent vs. bias as a function of temperature

In order to investigate the effect of temperature on

the photo I-V characteristics, a sample is placed in a

variable temperature optical cryostat cooled with liquid

N2. The photocurrent as a function of the bias voltage

at different temperatures is shown in Fig. 3-9. In the

low bias range (around 0.2 V), the photocurrent decreases

slightly at the beginning of cooling but increases ra-

pidly for temperature is lower than 150 K. For larger
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Fig. 3-9 Photo I-V characteristics of an 8 pm gap OCD at

different temperatures.



22

bias voltages the photocurrent simply increases with

decreasing temperature. The photocurrent as a function

of temperature with a 2 volt bias is indicated in Fig.

3-10. The current increases dramatically when the tempe-

rature is below 150 K. The low voltage shoulder of the

I-V curve noticably sharpens upon cooling as shown in

Fig. 3-11.

3.3 Photocurrent Gain

The photocurrent gain was defined in Chapter II as

g = Iph / Io (3-1)

where Ipis the measured secondary photocurrent and I.

is the primary photocurrent defined as

I = q rj (1 r)
Popt

h
(3-2)

The intrinsic absorption coefficient 0C for GaAs at 6328 A

wavelength (HeNe laser) is about 2x104 cm-1 [17]. There-

fore, about 86 percent of the incident power is absorbed

within a depth of 1 pm. The incident power on the semi-

conductor surface P. for 2, 4, and 8 pm gaps was measured

as 23, 45, and 90 pW, respectively. Thus, the power ab-

sorbed by the semiconductor P0pt can be calculated by
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Fig. 3-10 Photocurrent-temperature dependence of an 8 pm

gap OCD.
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(a)

(b)

Fig. 3-11 Photo I-V characteristics of an 8 pm gap OCD at

(a) 173 K and (b) 147 K. Vertical: 2 )IA /div., horizon-

tal: 0.2 V/div..
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10-4un

poet = Poo:

20 pW for 2 pm gap

40 ,uW for 4 pm gap

80 pW for 8 pm gap

Assuming 1.1 = 0.9 and using hV = 1.96 eV and r = 0.3 in

Eq. (3-2) gives

6.5 ,uA

I = 13 pA

26 pA

for 2 pm gap

for 4 pm gap

for 8 pm gap

The photocurrent gain is then calculated from Eq. (3-1).

The gain as a function of bias for the OCD is shown in

Fig. 3-12. The gain scales inversely with gap size as

expected due to a shorter transit time for carriers

assuming the effective lifetimes remain constant with gap

size (see Eq. 2-4).

3.4 Discussion

Undoped GaAs is rendered semi-insulating because of

compensation due to deep donors, called EL2 [see e.g.

19). A simplified energy band diagram of such material

is shown in Fig. 3-13a, where No and NA indicate the con-

centrations of shallow donors and acceptors, respective-

ly. At room temperature, the condition EL2 + ND = NA

can be satisfied to achieve a semi-insulating material.
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Fig. 3-12 Photocurrent gain as a function of bias.
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The energy band diagram of the SI-GaAs OCD is shown in

Fig. 3-13b. The n+ regions near the surface of the semi-

conductor are nessesary for making ohmic contacts. The

Schottky barriers between the metal and the n+ region are

thin enough that electrons tunnel easily through the

barrier. The built-in junction formed between n+ and SI

regions can be approximately considered as an abrupt one-

side junction because of the high doping concentration in

the n+ region. According to K. Norio et al. [20], the

junction width W thus can be calculated by Eq. (3-3)

W = (2 es VIA q NA
)' /2

(3-3)

where es is the permittivity in the semiconductor and VA;

is the built-in voltage. For the first order calcula-

tion, the built-in potential, VA; , and the shallow ac-

ceptor concentration, NA, can be estimated as 0.7V and

16 -3
10 cm , respectively. Substituting 61= 1.16x10-12F/C111,

Vbi = 0.7 volt, and NA = 1X1016 cm-3 into Eq. (3-3) gives

W = 0.32 ,um. This is the approximate junction width of

the SI-GaAs OCD.

In the dark electrons in the n+ region cannot easily

surmount the large built-in potential barrier. The few

electrons which do surmount the barrier will probably not

contribute to the current since they will be trapped by

ionized EL2 deep traps. Thus, the high resistivity of
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Fig. 3-13 Energy band structures of undoped SI-GaAs (a)

and the OCD (b).
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the SI material leads to the very small dark current

which is produced by the thermally generated carriers in

the semi-insulating region until either the detrapping

effect or breakdown occurs.

Under illumination photocarriers are generated in

the semiconductor. The built-in potential can be reduced

by the photovoltaic effect [21] as indicated in Fig.

3-13b (doted line). If a bias is applied, the free elec-

trons in the cathode can easily surmount the photo-

reduced nt-SI barrier to contribute an extra current in

addition to the primary photocurrent (Fig. 3-14). There-

fore, a photocurrent gain greater than unity exists.

Since holes in the anode cannot be injected into the

semiconductor, only electrons from the cathode lead to

the gain.

One of the more unusual aspects of the energy band

diagram indicated in Fig. 3-14 is the n*-SI interface at

the cathode. Because of the hole barrier, holes will

tend to accumulate at this interface. Hole accumulation

will tend to further reduce the barrier to electron

injection from the cathode and, thus, increase the photo-

current gain. Additionally, electrons in the n+ region

will recombine with holes at the nt -SI interface acting

as an effective ohmic contact for hole recombination.

If the photocurrent gain of the OCD is due to transit
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Fig. 3-14 Band structures of the biased OCD under

illumination.
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gi / g2 = L22 / L2;
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(3-4)

This relationship can be derived from Eq.(2-4). Since

the actual channel length of the 2, 4, and 8 pm gap are

about 1, 3, and 7 pm, the gains should scale as follows:

g(lpm)/g(3pm) = 9, and g(3pm)/g(7pm) = 5.4. This agrees

quite well with the data from Fig. 3-12 at a bias of 1

volt: 7.7 and 4.3. Such agreement indicates that the

photocurrent gain of the SI-GaAs OCDs is due to transit

time effects.

The photocurrent saturation observed in the illumi-

nated I-V curves (Figures 3-4 through 3-6) might also be

explained by the band structure shown in Fig. 3-14. When

a bias is applied to an OCD, the major part of the ap-

plied voltage drops across the reverse-biased SI-n junc-

tion, i.e., the junction adjacent to the anode. Thus, a

high field region is formed near the anode. If the

electric field is higher than 3 kV/cm, the transferred -

electron effect in GaAs occurs [17]. This effect causes

a velocity saturation of electrons in GaAs, therefore,

the current saturation takes place. Since the SI-n+

junction width, which costs most of the bias voltage, is

independent of the gap size, the saturation voltage does

not vary with the gap size. The above argument implies



32

that a gap without the reverse-biased junction should

show a larger saturation voltage. This was confirmed by

measuring an n- -GaAs (n- = 2x10
17

cm -3 ) 8 pm gap in the

dark (Fig. 3-15). The saturation voltage of this gap is

about 2.2 V. Assume the bias voltage is uniformly across

the channel, the electric field can be calculated approx-

imately as E = 2.2 V / 8 pm = 2.75 kV/cm, which is in a

reasonable agreement with the threshold field of the

transferred electron effect in GaAs, 3 kV/cm.

The photocurrent versus temperature measurement shows

a dramatic increase in photocurrent at low temperatures.

Since the number of photo-generated carriers does not

change for constant illumination level, the increase of

the photocurrent at low temperatures must be due to the

increase of the carrier lifetime. This increase of the

lifetime is probably caused by freeze out of some recom-

bination centers.
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Fig. 3-15 I-V curve of a GaAs n--channel sample with

8 pm gap. Vertical: 1 mA/div., horizontal: 1 V /div.
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IV. I-V CHARACTERISTICS OF

SCHOTTKY CONTACT DETECTORS

4.1 Samples and Apparatus

The Schottky contact detectors (SCDs) were fabricated

by depositing Ti:Pd:Au electrodes directly onto the sur-

face of an undoped semi-insulating GaAs substrate. The

surface was etched about 3000 I deep for recessed elec-

trodes. The structure has no passivation layer. Three

patterns were used in this study (Fig. 4-1): 1) a single

5 pm gap with two electrodes (symbolized S-544m), 2) an

interdigitated structure with 5 pm spacings and 2 pm

lines (symbolized I-5pm), and 3) an interdigitated struc-

ture with 2 pm spacings and 2 pm lines (symbolized

I-2pm). The electrode width for all three patterns is

25 pm. The photo-sensing areas of the three patterns are

125 pmt , 375 pmt and 350 pmt , respectively. A cross

sectional view of the semi-insulating GaAs Schottky con-

tact detector is shown in Fig. 4-2.

The measurement system and procedures were the same

as described ealier for ohmic contact devices.

4.2 Experimental Results

i. Dark current vs. bias

The measured dark currents vs. bias voltage of the



ogreeZer.1:14",...5::

35

Fig. 4-1 Three patterns of the SI-GaAs SCD: (a) S-5pm,

(b) I-5pm, (c) I-2pm.
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Fig. 4-2 A cross sectional view of the SI-GaAs SCD
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Fig. 4-3 Dark current vs. applied voltage curves.
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SCDs is shown in Fig. 4-3. These curves are typical for

a reverse-biased Schottky barrier. For the same bias the

I-5pm sample has a larger dark current than the S-5pm

sample due to its larger photosensing area and, perhaps,

to the numerous corners of the interdigital structure.

The I-2pm sample has the largest dark current because of

the larger electric field at the same bias value.

ii. Photocurrent vs. bias

The light source is the focused HeNe laser described

previously. The photo I-V characteristics for the three

different patterns are shown in Figures 4-4 to 4-6. The

photo I-V curves of the SCDs are more complex than those

of the OCDs. They flatten and rise several times before

the breakdown occurs. The breakdown voltage of the SCD

varies directly with its gap size. The breakdown fields

EB can be roughly estimated from the experimental data

as:

64V/5p = 1.28x105 V/cm

Es = V,App / L = 60V/5p = 1.20x105 V/cm

34V/2p = 1.70x106 V/cm

for S-5µm

for I-5pm

for I-2µm

These values are comparable to the avalanche breakdown

field of the GaAs of 4x105 V/cm [17]. Breakdown of the

device is probably caused by the breakdown of the bulk
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(a)

(b)

Photo I-V characteristics of an S-5pm SCD.

low bias range, vertical: 1 pA/div., horizon-

mV/div.. Part (b) entire bias region, vertical:

100 pA/div., horizontal: 20 V/div..
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(a)

(b)

Photo I-V characteristics of an I-5pm SCD.

low bias range, vertical: 2 }JA /div., horizon-

mV/div.. Part (b) entire bias range, vertical:

100 )JA /div., horizontal: 20 V/div..
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(a)

(b)

Photo I-V characteristics of an I-2pm SCD.

low bias range, vertical: 5 pA/div., horizon-

mV/div.. Part (b) entire bias range, vertical:

100 pA/div., horizontal: 10 V/div..
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GaAs. In the low bias range the photoresponse of the

I-5pm pattern is different than the two other patterns.

Fig. 4-7 shows the photo I-V curve comparison of S-5pm

and I-5pm from 0 to 2 volts bias. It will be shown in

Section 4.3 that the photocurrent gain of the I-5pm

pattern is lower than the other two in this bias range

(Fig. 4-11).

iii. Photocurrent vs. bias with varying light intensity

The photocurrent vs. bias characteristics of two in-

terdigital detectors at several incident power levels are

shown in Figures 4-8 and 4-9. The photoresponse in-

creases with increasing incident power. Fig. 4-10 shows

the photocurrent-incident power dependence of an I-2pm

sample.

4.3 Photocurrent Gain

The DC photocurrent gain of the SCDs can be calcu-

lated by the equations given in Section 3.3, which are

rewritten below for convenience,

g = Iph / I0 (4-1)

Pept,

I, = q 1 (1 r) (4-2)

by
10 -4Cm

Port = Poo( e -" dx (4-3)

0
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Fig. 4-7 Photo I-V curve comparison of S-5pm and I-5pm

for low bias. Part (a) I-V curve of the S -5)im sample.

Vertical: 2 )A /div., horizontal: 0.2 V/div.. Part (b)

I-V curve of the I-5pm sample. Vertical: 5 pA/div.,

horizontal: 0.2 V/div..



1000

<
- 100

10

1

0.1 I 10

BIAS (V)

100

44

Fig. 4-8 Photo I-V characteristics of an I-5pm sample at

different incident power levels.
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Fig. 4-9 Photo I-V characteristics of an I-2pm sample at

different incident power levels.
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o 20 V BIAS
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Fig. 4-10 Photocurrent-incident power dependence of an

I-5pm sample.
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where Po is 23 pW for S-5pm, 70 pW for I-5pm,' and 65 )1W

for I-2pm, respectively. Using other data given in Sec-

tion 3.3 Popt and Io can be calculated from Eq. (4-2) and

Eq. (4-3) as

21 pW

PoRt = 63 pW

58 pW

for S-5pm

for I-5pm

for I-2pm

5.5 pA for S-5pm

I
0

= 16.5 pA for I-5pm

\15.4 pA for I-2pm

The DC photocurrent gain vs. bias curve of the SCDs is

shown in Fig. 4-11. The photocurrent of both the S-5pm

and the I-2pm pattern saturates near unity. The initial

saturation of the I-5pm pattern occurs below unity, how-

ever, for some undetermined reason. The photocurrent

saturation at unity indicates that primary photoconducti-

vity controls the transport process within the low bias

range. For higher bias voltage the photocurrent gain

exceeds unity. This is probably because the high field

effects such as tunneling, barrier lowering, and Poole-

Frenkel detrapping effects take place. The S-5pm sample

achieves the highest gain. This may be partially due to

the fact that the actual sensing area of S-5pm sample is

larger than the calculated gap area, 125 pmt. The elec-
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Fig. 4-11 DC photocurrent gain vs. applied voltage

curves of the SCDs.
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tric field outside the gap can also contribute current.

4.4 Discussion

The SI-GaAs SCDs have more complex I-V characteris-

tics than the OCDs. The photocurrent saturates two times

resulting in a "wiggled" I-V curve as seen in Section

4.3. While a quantitative analysis of the photo I-V

characterisics will require sophisticated modeling work,

some qualitative arguments may be made. In this section

some general discussion of a plausible operating mecha-

nism is given.

The energy band diagram for a biased SCD is shown in

Fig. 4-12. Photo-generated electrons and holes are col-

lected by the anode and the cathode, respectively, to

produce the photocurrent. Because of the blocking nature

of the contacts, neither electrons from the cathode nor

holes from the anode can easily be injected into the

semiconductor in the low field range. Under this bounda-

ry condition the carrier distribution is not uniform

throughout the sensing region as shown in Fig. 2-2b.

Consequently, all photo-generated carriers can be finally

pulled out of the sensing region by increasing the ap-

plied electrical field and a current saturation takes

place. Since this is a primary photocurrent saturation,

the corresponding current gain saturates around unity
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Fig. 4-12 Energy band diagram of a biased SCD.
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(see Fig. 4-11).

Based on similar physical process described above,

Crandall [23] presented a model using regional approxima-

tion to explain the current saturation mechanism of a-

Si:H p-i-n solar cells [16, 24, 25]. This model is also

reasonable for the SI-GaAs SCDs. Following Crandall, the

photocurrent Iph can be expressed as

Iph = q G'(1c / L) [1 exp(- L / lc )] (4-4)

where G' is the generation rate in the device sensing

volume and lc = (41 + Pp) TefrE. The photo I-V curves of

the S-5pm and the I-2pm patterns are calculated from Eq.

(4-4) and compared to the measured curves as shown in

Fig. 4-13. The parameters used in the calculation are

listed in Table 4-1. It is also assumed that 1:n =-Elo =

1.71...H:= 0.5 ns. The theory and the experimental data are

in qualitative agreement. It is not surprising to see

some quantitative error since many approximations are

employed in the calculation.

Eq. (4-4) predicts that the photocurrent should satu-

rate when the applied field becomes sufficiently large.

The measured photocurrent, however, increases again with

bias after the first saturation so that a current gain

greater than unity exists. This observation is believed

due to barrier lowering and tunneling effects [7]. At
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higher bias voltage (> 40 V for S-5pm and I-5pm and > 20

V for I-2pm) the current saturates again. This second

"saturation" may be caused by space charge effects in

GaAs. Under very high applied fields, electrons might

accumulate near the anode and holes might accumulate near

the cathode as well to build up space charge regions.

Such regions would produce an electrical field opposing

the bias field. Thus, further increasing bias voltage

does not cause the full increase of the field inside the

semiconductor, so the current would also be less.
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S-5pm I-2pm

G' (1013 ft/sec.) 4 11.2

L (pm) 5 2

'Leg (10-1° sec.) 5 5

Nn + pp (cm2 /V-sec.) 5000 5000

Table 4-1 Major parameters used in the calculations of

the SCD I-V curves.
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Fig. 4-13 Comparison of calculated and measured I-V

curves of the SCDs: (a) S-5pm sample and (b) I-2pm

sample.
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V. SPECTRAL RESPONSE

5.1 Experiment

The spectral response of both ohmic and Schottky

contact gaps on SI-GaAs was measured as a function of

temperature. Samples used in the measurement were fabri-

cated on the same wafer to eliminate substrate variation

between devices. Both ohmic and Schottky contact samples

in the study had a single gap 4 pm long and 60 pm wide.

A block diagram of the spectral response measurement

system is indicated in Fig. 5-1. A 2900 K tungsten lamp

was used as the black body source. The grating in the

monochromator (Jarvell-Ash 82-410) is blazed at 0.6 pm

giving useful performance from 0.4 - 0.9 pm. For the low

temperature measurements the variable temperature optical

cryostat is cooled with liquid N2 . Fig. 5-2 shows the

testing circuit. To obtain the largest signal output the

load resistor should be equal to the dark resistance of

the sample. This condition, however, cannot be satis-

fied since the dark resistance of the sample is greater

than the input resistance of the amplifier. This means

that the optimum load resistor is the input resistance of

the amplifier. A small capacitor is connected in paral-

lel for AC noise reduction.
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Fig. 5-1 Block diagram of the spectral response measure-

ment system.
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Fig. 5-2 Testing circuit for the spectral response

measurements.
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5.2 Experimental results

The relative spectral responses, normalized by inci-

dent power level, of the ohmic and Schottky contact

samples are shown for various temperature in Figures 5-3

and 5-4, respectively. At room temperature the two sam-

ples behave similarly. The response increases with in-

creasing wavelength in the intrinsic absorption region

and peaks sharply before the long wavelength cut-off

occurs. The intrinsic response of the ohmic contact

sample increases nearly 100 times upon cooling to 85 K

whereas the response of the Schottky contact sample is

less temperature dependent. Both samples show a signifi-

cant response beyond the long wavelength cut-off at low

temperatures. The extrinsic response in the OCD sample

increases monotonically with decreasing temperature (Fig.

5-3), while the extrinsic response in the SCD sample

actually vanishes below 85 K (Fig. 5-4).

5.3 Discussion

The decrease in photoresponse of semiconductors at

shorter wavelengths was understood in the 1950s [26]. In

the intrinsic absorption region shorter wavelength have

a higher absorption coefficient in the semiconductor,

which means that more incident light is absorbed near the

semiconductor surface. Since the carrier lifetime near



1000

100

10

0.1

59

6000 7000 8000 9000 10000
WAVELENGTH (A)

Fig. 5-3 Spectral response of a 4-pm gap ohmic contact

sample at different temperatures.
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Fig. 5-4 Spectral response of a 4-pm gap Schottky con-

tact sample at different temperatures.
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the surface is shorter due to surface recombination, the

photoresponse is also weaker for absorption near the

surface. With increasing wavelength the absorption coef-

ficient decreases so that more of the absorption occurs

in the bulk GaAs. Consequently, a stronger photoresponse

is achieved due to the longer carrier lifetimes.

The exciton absorption of SI-GaAs, first reported by

M.D. Sturge [27], is probably responsible for the narrow

peak beyond the band edge cut-off shown in the spectral

response of both ohmic and Schottky contact samples. In

general, exciton absorption takes place only in pure in-

trinsic materials [28]. The spectral response of a simi-

lar n--channel GaAs sample (n- = 2x10r7 cm-3), therefore,

should not show such a peak since the material impurities

prevent exciton absorption. Fig. 5-5 shows the spectral

response of an n--channel GaAs sample with no evidence of

a peak near the long wavelength cut-off. Moreover, the

n--channel sample cuts off at a shorter wavelength

(8733 gii) than the SI-GaAs samples (8887 R) at room tempe-

rature. This is further evidence demonstrating that the

response peak of the SI-GaAs sample is caused by exciton

absorption.

At low temperatures, the spectral response of the

ohmic contact sample increases dramatically. This obser-

vation can be explained by a longer carrier lifetime
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Fig. 5-5 Spectral response of an n-channel GaAs sample

with ohmic contacts.
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discussed in Section 3.4. With the decrease of tempera-

ture the carrier lifetime increases due to the freeze out

of some recombination centers [22]. Therefore, the pho-

tocurrent increases according to Eq. (2-2).

The above argument is valid only for the ohmic con-

tact sample. For the Schottky contact sample only the

primary photocurrent flows due to the blocking nature of

the Schottky barrier. Hence, a longer lifetime does not

mean a larger photocurrent gain in the SCD case, so the

photocurrent of the SCD should not increase significantly

upon cooling.

A very strong response beyond the long wavelength

cut-off occurs in both ohmic and Schottky contact samples

which is associated with extrinsic conduction by the

photo ionization of impurities, in this case probably

EL2. A detailed study of this effect is not included in

this thesis.
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VI. CONCLUSIONS

Characteristics of semi-insulating GaAs ohmic contact

and Schottky contact planar photoconductive detectors

under steady state illumination have been studied. Dark

and illuminated I-V characteristics, photocurrent vs.

incident power dependence, photocurrent gain, and spec-

tral response as a function of temperature have

measured. The operating mechanism of the OCD has

investigated based upon the experimental results. A

been

been

sim-

plified model of the SCD has been used to calculate the

initial I-V characteristics which resulted in qualitative

agreement with the experimental data.

Both ohmic and Schottky contact detectors studied in

this thesis are not common photoconductors discussed in

the literature [17] since the photosensing material is

semi-insulating GaAs. The photocurrent gain of the OCD

is achieved due to the barrier lowering of the n4 -SI

junction near the cathode caused by a photovoltage. The

photodetection process, thus, includes both photoconduc-

tive and photovoltaic effect. Similarly, the photodetec-

tion process of the SCD includes photoconductive and

blocking contact effects. Since both the OCD and the SCD

related to the photoconductive process, they may be con-

sidered as photoconductive detectors.
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For the OCDs, the shorter the gap length the higher

the photocurrent gain (Fig. 3-13) which is similar to a

traditional photoconductor. The photocurrent gain of the

SCDs seems independent of the channel length (Fig. 4-11).

This feature is due to the blocking nature of the

Schottky contacts.

The 2-pm gap OCD achieves the highest DC gain

(g > 300), which is about 15 times higher than the I-2pm

SCD. However, preliminary impulse response measurements

to a 20 ps optical pulse indicate that the response of

the 8-pm OCD is much slower than that of the SCD [29].

For future study measuring and comparing the tran-

sient response of the OCDs and SCDs will provide more

information on the physics of these detectors. More

detailed studies of the photoresponse beyond the intrin-

sic cut-off at low temperatures could confirm the exciton

peak and relate the extrinsic response to the deep level

traps in the SI-GaAs material. More detailed theoretical

analysis and computer simulations of the I-V characteris-

tics of both OCD and SCD devices are needed to fully

explain their behavior. Low temperature impulse response

measurements should confirm if bulk or surface trapping

is responsible for the long tails in OCDs or whether they

are simply a result of absorption outside the high field

region. Low temperature impulse response data should
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also help explain how gain varies with bandwidth.

Another interesting thing to try would be to implant

p-type ohmic contacts into the SI-GaAs. Then the ohmic

contacts would be for the slower carriers and the DC and

impulse responses should be much different.
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