
Novel GaAs photodetector with gain for long wavelength detection
E. S. Harmon, D. T. McInturff, M. R. Melloch, and J. M. Woodall
School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907-1285

~Received 10 October 1994; accepted 11 November 1994!

A novel photodetector based upon annealed low temperature molecular beam epitaxy GaAs capable
of detecting wavelengths out to 1.5mm has been developed. The device utilizes a photoconductive
detector with a high photo-generated carrier lifetime to transit time ratio in order to achieve a high
internal gain. The sensitivity to illumination with photons of sub-bandgap energies is achieved due
to the internal photo-emission from the semi-metallic arsenic precipitates. The device exhibits
higher gains at lower input powers because the effective carrier lifetime is longer for lower input
power levels. This variation in carrier lifetime can be explained in terms of the effectiveness of the
arsenic precipitates as recombination centers as a function of optical power levels. ©1995
American Vacuum Society.
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I. INTRODUCTION

Low temperature molecular beam epitaxy~MBE! GaAs
has emerged as a material system with a number of uniq
properties. In general, these materials exhibit short carr
lifetimes,1 and, when annealed, very high resistivity.2 In ad-
dition, McInturff et al.3 have shown that annealed low tem
perature MBE GaAs~referred to as GaAs:As! exhibits rea-
sonable sensitivities to illumination with photons of sub
bandgap energies. Unfortunately, the low absorptio
coefficient at longer wavelengths leads to relatively poor r
sponsivities. In this article, a high gain GaAs:As photodete
tor is presented which improves the overall detector respo
sivity, allowing for improved long wavelength response.

A photoconductive detector is capable of high intern
gains when the photo-generated carrier lifetime is mu
longer than the carrier transit time across the device. A typ
cal MSM photoconductive detector arrangement is shown
Fig. 1. The spacing between the interdigitated fingers det
mines the transit time, which is;10 ps/mm for electrons in
GaAs traveling at their saturation velocity. Normal, undope
GaAs:As exhibits carrier lifetimes less than 20 ps,1,4,5 so the
maximum possible internal gain for a metal–semiconducto
metal ~MSM! photoconductive detector with 1mm finger
spacing is two~the average electron can transit between th
metal fingers twice before it recombines!. Note that this de-
vice requires low resistance ohmic contacts—Schottky co
tacts will suppress injection of electrons into the device, a
lowing carriers to travel between the fingers only one time.
it is possible to produce a GaAs:As material with longe
carrier lifetimes~;1 ns!, then internal gains as high as 100
would be feasible.

While there still exists controversy concerning the sourc
of the unique properties of GaAs:As, the Schottky barrie
model6 appears to account for all observed properties. T
insulating nature of GaAs:As can be attributed to the deple
ing action of the Schottky barriers at the buried semi-metal
arsenic precipitates. It also appears that the carrier lifetim
may be described in terms of recombination at the arse
precipitates.5 Recent results of Si-doped GaAs:As show tha
the conductivity of this material may be varied over six or
ders of magnitude depending upon the post growth ann
conditions.7 These results also demonstrate a threshold co
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dition where slight variations in the anneal temperature resu
in a large change in the conductivity. This threshold cond
tion occurs at the point where the depletion regions su
rounding the arsenic precipitates just barely overlap. Furth
annealing increases the spacing between precipitates, red
ing the overlap of the depletion regions. This allows conduc
ing channels between the precipitates to be formed, resulti
in large overall conductivity increases. Similar conductivity
increases can be achieved if the Schottky diodes at the p
cipitates are forward biased, decreasing the depletion reg
diameter. This forward bias could be achieved by illumina
ing the open circuited Schottky diodes with photons of ene
gies greater than the Schottky barrier height.

II. EXPERIMENT

The film used in this study was grown in a Varian Gen I
MBE system with As2 for the group V source and elementa
Ga for the group III source. The beam equivalent pressu
ratio of As2 to Ga was;20. The structure consists of a 0.5
mm undoped GaAs layer grown at 600 °C followed by th
0.75mm GaAs active region grown at 250 °C with a Si dop
ing of 131018 cm23. A post growth anneal of 750 °C for 30
s was performed in a rapid thermal annealer. Interdigitate
AuGe:Ni:Ti:Au contacts were alloyed into the GaAs:As film,
providing the ohmic source and drain contacts. While finge
spacings of 1, 2, and 4mm were studied, the results pre-
sented here refer to devices with a finger spacing of 1mm.

The steady state optical characteristics were examin
with a titanium sapphire laser. Figure 2~a! shows a typical
current-voltage curve for this device under 850 nm illumina
tion. The device current is linear with applied voltage for low
voltages and saturates for high voltages, consistent with t
electron velocity becoming saturated for high electric field
~.10 kV/cm!. Figure 2~b! shows the same device with 950
nm illumination~photons with;120 meV less than bandgap
energy!, showing very similar characteristics with approxi-
mately an order of magnitude less responsivity. Figure
shows the responsivity versus wavelength of this same d
vice. It is important to note that the responsivity varies con
siderably with input power, which implies that the gain of the
device also varies with input power. Thus, the effective ca
768/13(2)/768/3/$6.00 ©1995 American Vacuum Society



n

-

e-
i-

a
e

-

re

d
t
ar-

o

t

-

er
so
at
-

769 Harmon et al. : Novel GaAs photodetector 769
rier lifetime must be longer for lower power illumination i
order to achieve the device gains observed in Fig. 3.

Longer wavelength operation was studied with a 1000
white light source filtered with a monochromator. The resu
ing responsivities exhibited an order of magnitude decre
from 950 nm to 1300 nm, and an additional order of mag
tude decrease for 1500 nm illumination. The resulting
sponsivities for;10 mW input powers was 0.1 A/W and
0.01 A/W for 1300 nm and 1500 nm illumination respe
tively.

FIG. 1. Cross Section of MSM photoconductor, showing depletion regi
surrounding arsenic precipitates in the channel.

FIG. 2. Current-voltage characteristics of the MSM photoconductive de
tor with 1mm finger spacing under~a! 850 nm and~b! 950 nm illumination
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In addition, the time resolved characteristics were mea
sured for pulsed laser illumination. A Coherent Mira 900F
titanium sapphire laser producing pulses of;100 fs duration
at a repetition rate of 73 MHz was used for these measur
ments. A Pockels cell pulse selector from Conoptics was ut
lized to reduce the repetition rate to;4 kHz. The device was
mounted in a microwave package and measured with
Hewlett Packard 54120T sampling oscilloscope. The devic
package and bias tee used limited the bandwidth to;10
GHz. Figure 4 shows the time evolution of the voltage re
sponse of the device under two levels of illumination. It can
clearly be seen that the tail of the response is much mo
important for the low power illumination. For high power
illumination, a considerably faster response is realized, an
the tail is negligible. Note that these results complemen
those presented in Fig. 3—the average photogenerated c
rier has a longer effective lifetime under lower power illumi-
nation. The average carrier lifetime will be proportional to

ns

ec-

FIG. 3. Responsivity versus wavelength of the MSM photoconductive de
tector with 1mm finger spacing.

FIG. 4. Pulse response of MSM photoconductive detector. The high pow
pulse energy was ten times larger than that of the low power pulse. Note al
that the voltage scale for the high power pulse is ten times larger than th
for the low power pulse. The low power curve shows a much longer effec
tive carrier lifetime.
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the area under the curves in Fig. 4, as photoconductivity
proportional to the carrier lifetime. A reasonably fast~,10
ns! response is achieved for high power illumination, while
considerably slower response is achieved for low power
lumination. Here we see direct evidence of a simple pho
conductive detector tradeoff—higher gain requires a long
lifetime and hence a slower response.

Finally, we consider whether the responses shown co
be attributed to the effects of deep level recombination c
ters ~possibly arsenic antisites!. It is true that the occupancy
of such trap levels can be strongly affected by doping, co
ceivably resulting in considerably longer lifetimes than
undoped material. However, Shockley–Rheed–Hall~SRH!
recombination at these traps cannot explain the variation
effective lifetime with optical power. At higher input powe
levels, it may be possible to saturate SRH centers, but
would result in a longer effective lifetime. Thus, if the re
sponses were due to SRH recombination, we would expe
higher gain for higher power levels—the opposite of th
observed here. Recombination at buried Schottky barrie
however, would explain the trends observed here. The eff
tive recombination rate for recombination at the arsenic p
cipitates would be proportional to the ratio of the number

FIG. 5. Band diagrams of the GaAs region near the arsenic precipita
Under low power illumination~a! the Schottky diode formed by the
precipitate-GaAs interface is only slightly forward biased, resulting in on
a small proportion of the electrons having enough energy to surmount
Schottky barrier~shaded region in diagram!. Under high power illumination
~b! a much larger proportion of the electrons have enough energy to
mount the barrier.
J. Vac. Sci. Technol. B, Vol. 13, No. 2, Mar/Apr 1995
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carriers that have enough energy to surmount the Schot
barrier to the total number of carriers. At low input powe
levels, the Schottky junction is only weakly forward biased
resulting in only a small fraction of the total carriers havin
enough energy to reach the precipitate. At higher input pow
levels, the potential barrier to the precipitate is further r
duced, resulting in a larger fraction of the total carrier
reaching the precipitate, and hence a much higher effect
recombination rate~see Fig. 5!.

III. CONCLUSIONS

We have shown that it is possible to produce a long wav
length detector in low temperature growth GaAs:As that h
high responsivity due to high internal gain. Since this devic
operates as a photoconductive detector, high internal ga
are obtained as a direct result of a long effective carrier lif
times. These longer carrier lifetimes result in slower devic
responses as a direct result of the tradeoff between speed
gain in photoconductive devices. For applications requirin
high responsivity, some speed must be sacrificed in order
reach the gain desired. In addition, since the effective lif
time of these devices is a function of the input optical powe
the output response is a nonlinear function of input powe
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