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We report experimental characterization of a transient capacitative electrical effect in a GaAs
photoconductive switch due to initial momentum relaxation of the carriers within the photoexcited
plasma. The carrier-momentum-dampening rate (1) of approximately 1 ps is characterized by opti-
cal square-pulse excitation in a radiation-damaged GaAs substrate, which produces asymmetries in
the electrical impulse response of the photoconductor. Defect densities in the radiation-damaged
samples are measured with use of medium-energy Rutherford backscattering and correlated with
the electrical characteristics. Simulations of the electron transport and electrical response under
our experimental conditions agree favorably with the observed electrical characteristics of the pho-
toconductor. We discuss the effect of plasma dampening on electrical-switching characteristics and

the site-defect capture process.

I. INTRODUCTION

Electron transport in GaAs photoconductors is one of
the most extensively studied phenomena in solid-state
physics. Carrier relaxation and recombination dynamics
in these devices are of fundamental importance to the de-
velopment of high-speed GaAs optoelectronic circuits.
As long as good Ohmic contact is established, the electri-
cal characteristics or impulse response of the switch is
determined by the temporal shape of the excitation laser
pulse and the intrinsic carrier lifetime in the semiconduc-
tor.! This is valid only if the photoexcited electron-hole
plasma is sufficiently dampened so that the momentum
relaxation does not significantly affect the transport or
conductivity in the semiconductor gap. If the plasma-
dampening rate is comparable to the electrical response
time of the switch, a time-dependent capacitance may be
present which limits the electrical response of the photo-
conductor. This is especially important in photon-
controlled millimeter-wave switches’ and in dc-biased
photoconductors where photoexcited carriers induce
space-charge fields at deep-level trap sites in the semicon-
ductor.’ The transient nature of momentum relaxation in
the electron plasma is a critical parameter in these photo-
conductive devices. In particular, if the electrical
response is approximately limited by carrier transport,
the macroscopic effect of a time-varying gap capacitance
warrants further investigation.

In this paper we present measurements which illustrate
the effect of momentum relaxation of the photoexcited
carriers on the electrical rise and fall times of the GaAs
photoconductive switch. The plasma-dampening rate of
the photoexcited carriers in the radiation-damaged semi-
conductor is comparable to the electrical response of the
switch. These measurements are made on a coplanar
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photoconductive switch fabricated with radiation-
damaged GaAs. Our experimental studies are facilitated
by our laser system, which allows us to synthesize rec-
tangular optical excitation pulses with rise and fall times
of <100 fs and arbitrary temporal lengths. The optical
pulses act as optical step functions which allow some of
the electron-hole-relaxation mechanisms to equilibrate
before the excitation is essentially ‘“turned off.” By sys-
tematically lengthening the rectangular pulses used to ex-
cite the photoconductor, we can indirectly probe tran-
sient carrier relaxation on the order of 1 ps, which con-
tributes to capacitative effects and electrical responsivity
of the photoconductor. Our results indicate a possible
way to compensate for some plasma-relaxation artifacts
in the photoconductor response which lead to electrical-
impulse asymmetries and other experiments which may
be useful in understanding the phenomena. The radiation
damage in the samples significantly affects the plasma dy-
namics and recombination of carriers in the semiconduc-
tor. The fundamental aspects of the correlation between
trap sites and electrical response is of practical impor-
tance in incorporating photoconductive and electronic
devices, such as field-effect transistors (FET’s), into in-
tegrated optoelectronic circuits.*

II. EXPERIMENTAL MEASUREMENTS

High-resistivity epitaxial GaAs photoconductors were
fabricated by molecular-beam epitaxy (MBE) on a 60-um,
semi-insulating, undoped GaAs substrate thermostatted
to 600°C. A 30-um epitaxial layer of GaAs was grown
on the substrate at a growth rate of 1.5-2.0 um/h. The
capacitance-voltage profiles and resistivity measurements
of the epitaxial substrate showed an intrinsic carrier den-
sity of 3.5X10'® cm ™ and a dark resistance of 2.0 X 108
Q). The GaAs substrates were radiation damaged with
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50-keV, 300-keV, and 2-MeV protons at a fluence of
~1.0X10" cm™3. Defect-density profiles were then
determined by Rutherford backscattering [Fig. 1(a)] un-
der ultrahigh vacuum (2.0X 10™8 Torr). These measure-
ments were calibrated by comparison with single-crystal
(100) GaAs samples cut and oriented to +0.5° and amor-
phous GaAs samples. A toroidal-type electrostatic
analyzer was used with energy and depth resolution of
1X 1073 and 0.5-0.6 nm, respectively. Defect densities
[Fig. 1(b)] ranged from approximately 10'? to 10'* cm 3
in the radiation-damaged samples. Note that changing
the “He kinetic energy changes the defect depth, but not
the surface defect density.

A coplanar photoconductor (Fig. 2), with 25-um con-
duction and sampling gaps and 15-um X 2.5-cm transmis-
sion lines, was fabricated on the GaAs substrates using a
photolithographic liftoff technique. A layered metalliza-
tion consisting of Ge(500 A)/Ni(100 A)/Au(1000
A)/Ti(500 A)/Au(2000 A) was deposited on to the
masked surface using an electron-beam evaporator. Ad-
ditional contact pads were defined on the surface for mea-
surement of contact resistances for the transmission lines.
The metallized lines and pads were alloyed in an AG As-

750 .
B .o.' .o, o'o.-‘ o.n.'."-.-'..'_A'n.
»n * .
€ 500 A A
=3 o
o - od
© 250 10,2 P oupnalR
[e] OO mo %OQ@OO © Q 6
- A A A .o}
e T T T
300 350 400 450
Channel Number
(a)
2.0 o 50keV
o i 2300keV
E 1.5 . . e 2MeV
PR Y SLY VIS PSR
e 1.0L ° A
(2] r (-] A °
S 05|
© °
[ F [ A .
0.0 ' | %caaqae cobafBasemdie)
0 0.1 1.0 10.0

Distance from surface (um)

(b)

FIG. 1. (a) Experimental Rutherford backscattering spectra
for samples of amorphous GaAs (solid circles), radiation-
damaged GaAs (2-MeV “He, open circles), and single-crystal
GaAs (triangles, 100). Spectra were taken at 2.3 keV/channel.
(b) Defect densities as a function of *“He kinetic energy.
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FIG. 2. Photoconductive architecture used for our experi-
mental measurements. The device was fabricated by a standard
liftoff technique on radiation-damaged GaAs. The propagation

length between the 25-um sampling and conduction gaps is 0.1
mm.

sociates halogen-lamp annealing station under continuous
dry-N, flow. The wafer was initially heated to 375° C for
10-15 s at a heating rate of 50° C/s with an additional
heating cycle to 490°C for 10 s to complete the alloying
process. The substrate and metallized lines were exam-
ined under a scanning electron microscope (SEM) to
determine the uniformity of the alloying procedure and
the edge morphology in the photoconductor gaps. A
contact resistance of 4.5X 10 % Q cm? was achieved using
the alloyed metallization scheme.

Rectangular optical pulses illustrated in Fig. 3 with
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FIG. 3. Experimental cross-correlation traces of two of the
optical excitation pulses (corresponding to 0.6- and 1.2-ps dura-
tion) used in this experiment. In each case the pulse was cross
correlated with a 180-fs sech? pulse, which has been decon-
volved from the data. The pulse length was varied to systemati-
cally probe the transient electrical response of the photoconduc-
tor.
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rise times of =90 fs and sequentially increasing lengths
from 0.5 to 1.5 ps were synthesized by time-domain
modulation in a fiber-gating compressor combined with
chirped pulse amplification.® The temporal shape,
widths, and rise times of the pulses were verified by cross
correlation with a 180-fs sech? pulse and by measurement
of the spectral bandwidth of the pulses. The rise and fall
times of the pulses were consistently 90-100 fs with
2-3 % uniformity over the central region. Excitation
pulses at A=0.65 um (1.90 eV) were spatially filtered, at-
tenuated with two crossed polarizers, and focused to a
spot size of approximately 100 um? onto the photocon-
ductive gap. To calibrate the photoconductor, the 180-fs
sech? pulse was used to excite both the conducting and
sampling gaps [Fig. 4(a)] with resulting rise and fall times
of 2.5 and 4.4 ps, respectively. The average photocurrent
was measured at the sampling gap (with a current-voltage
converter and lock-in amplifier at a 1-kHz sampling rate)
as a function of the time delay between the conducting
and sampling optical pulses.

Rectangular laser pulses with five different durations
from 0.6 to 1.65 ps were then used to excite the photo-
conductor gap; the 180-fs sech? pulse still illuminated the
sampling gap. The intensity of the rectangular pulses
was adjusted to maintain a constant carrier density of ap-
proximately 3.0X 10! cm™3. The average photocurrent
measured at the sampling gap, shown in Figs. 4(b)—4(d)
and summarized in Table I, provides a cross-correlation
of the electrical-impulse response of the photoconductor.
All measured rise times are comparable (2.4-2.6 ps).
However, the most important feature observed upon exci-
tation with the 0.6- and 0.78-ps rectangular pulses is the
asymmetric 4.4-4.6-ps fall time. This asymmetry is ab-
sent from the response measured with the 1.3-ps rec-
tangular excitation pulse which yields nearly symmetric
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TABLE 1. Measured electrical rise and fall times for the
radiation-damaged GaAs photoconductor as a function of the
temporal width of the excitation pulse. The deconvolution er-
ror in rise and fall times is £0.3 ps. Sequentially lengthening
the pulse width lets the photoexcited plasma undergo a finite
time evolution, and systematically decreases the fall time. (rect.
denotes rectangular.)

Optical Trse Thall

pulse (ps) (ps) (107 cm™?)
0.18 ps sech? 2.5 4.4 2.5
0.60 ps rect. 24 4.6 2.8
0.78 ps rect. 2.6 4.1 3.0
0.89 ps rect. 2.6 3.7 3.0
1.30 ps rect. 2.5 2.8 2.7
1.65 ps rect. 2.7 2.6 2.3

2.5- and 2.8-ps rise and fall times. The electrical
responses are independent of the “He bombardment ener-
gy. This implies that the asymmetry arises predominant-
ly from a surface effect; if bulk phenomena were involved,
Fig. 1(b) implies that some bombardment-energy depen-
dence would have been observed.

The origin of this rise-fall-response difference was not
readily discernible from the photocurrent-decay data and
was evaluated further by stimulating the photoconductor
response under the conditions used in our experiment.
We determined that the observed transient effect could
not be attributed to the high-frequency properties of the
coplanar microstrip by calculating the propagating-mode
structure and dispersion (1 GHz-1 THz) of the transmis-
sion lines in our photoconductor.® A fast-Fourier-
transform (FFT) algorithm was used to calculate both TE
and TM-mode propagation along the microstrip,
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FIG. 4. Experimental photocurrent transient data are shown using excitation pulses of (a) 0.18 ps, (b) 0.6 ps, (c) 0.78 ps, and (d) 1.3
ps. All pulses have ~90-fs rise and fall times, comparable to Fig. 3. The optical intensity was adjusted to maintain a carrier density
of =3.0X 10" cm’. Note the disappearance of asymmetry in the response as the pulse length increases.
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frequency-dependent phase velocity, electrical loss, and a
propagation constant, Brgy.  The electrical-pulse shape
was calculated at 50-um intervals along the microstrip to
a total length of 2.0 mm to simulate propagation of the
picosecond photoconductive pulse. The simulation re-
sults indicate a quasi-TEM propagating mode in the co-
planar transmission line with nearly square-root-
dependent electrical loss. The simulated electrical-pulse
shape does undergo significant broadening at lengths of
1-2 mm; however, the high-frequency dispersion associ-
ated with the microstrip does not account for the ob-
served transient asymmetry, as there was essentially no
difference in the propagating-mode structure or disper-
sion calculated for all three rectangular optical pulses
used for excitation.

The asymmetry in the photocurrent decay as a func-
tion of excitation-pulse width underlies a finite equilibra-
tion time in the photoexcited plasma comparable to the
conduction response for the photoconductor (roughly 1
ps). If we examine the photoconductor as a lumped-
element circuit,"® the asymmetric settling time (4.5 ps)
corresponds to a transient gap capacitance of approxi-
mately 0.4 fF.

III. ANALYSIS OF ELECTRON TRANSPORT

Photoelectron dynamics corresponding to different ex-
perimental conditions in the planar GaAs switch can be
modeled using Monte Carlo methods to simulate carrier
transport.’ In particular, initial carrier distributions in
momentum space (k-p) can be calculated. Macroscopic
ensemble averages must be consistent with Maxwell’s
equations, the rate equations for defect trapping,
Poisson’s equation convection, and must also reproduce
Ohm’s law.'® The action of an externally applied electric
field gradient is included in the computation for drift and
diffusion through Einstein’s relation for the electron or
hole mobility [D, ,=(kT/q)u,,]. The computation
scheme consists of an energy distribution of nonrelativis-
tic electrons and holes in a given volume surrounding
some position r in the semiconductor at time ¢. The ith
electron or hole in the ensemble has position r;(¢) and ve-
locity v;(t) and contributes to the macroscopic properties
of the photoconductor at position r through a weighting
function w;(r,¢). The magnitude of w;(r,?) is proportion-
al to r—r,(¢). The accumulated charge, current density,
electron pressure, and resistivity tensors are defined by,
respectively,

q(r,t)z—-ezw,(r,t), (1)
j(r,t)E—eZV,-wi(r,l) , (2)
P(r,t)=m Zviv,wi(r,t) , (3)
nj(r,t)z—eZ(f‘i+Ni)v,-w,-(r,t). 4)

In k space the ensemble changes continuously over a
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period of time f; therefore the distribution function
(S)=c3n(k)s(k) is found within a given discrete value
of Ak. Macroscopic values for electron-electron,
electron-phonon (polar optical and acoustic), electron-
defect, and intervalley scattering are obtained by statisti-
cally calculating the distribution function before and
after a given number of scattering events. The time-

varying aggregate densities of electrons and holes can be
written as

on/dt=y(r,t)—T,(r,t)+(1/q)V-J, , (5)
dp /9t =y(r,t)=T,(r,t)+(1/q)V-J, , (6)

where n(r,t) and p(r,t) are the electron or hole densities,
y(r,t) is the electron-hole-pair photogeneration rate,
T,(r,t) and T,(r,t) are the trapping rates, q is the elec-
tronic charge, and J,(x,7) and J,(x,?) are the current
densities.”!! The total current density [Eq. (2)] is then
equal to J,(x,1)+J,(x,1)+J,(x,1), where J,(x,t) is the
displacement current (€ 0E/dt). The expressions for
J,(x,7) and J,(x,1) are given by

J,.(x,t)=q(u,En+D,Vn), (7
J,(x,0)=q(u,En —D,Vp) . (8)

Poisson’s equation couples the transport dynamics of the
photoexcited carriers through the drift contribution in
the current-density equation. It is generally written as

ViQ=—-V-E=—q/elp—n—ny), 9)

where () is the electric potential and € is the static dielec-
tric constant.

The carrier-trapping rates for electrons and holes is
proportional to the free-carrier density and the number of
available trap sites in the semiconductor. The carrier-
trapping rates are given by

T,(r,t)={v,)B,(nnd) (10)
and

T,(r,0)={v,)B,(nr ), (11)

where v, and v, are the electron and hole thermal veloci-
ties, and 3, and 3,, are the electron and hole capture
cross sections.'> The total number of trap sites is given
by Ny=n{+n;, where n9 and n; are the total neutral
and negatively charged trap sites in the semiconductor.
The macroscopic equations are then written in terms of
the change in electrons, holes, and available trap sites
from thermal equilibrium after excitation with the laser
pulse. Using detailed balance and charge neutrality, Egs.
(7)-(11) can be rewritten into a system of four differential
equations in one spatial dimension, which can be used to
numerically describe the photoconductor response,g' 12
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dAn /3t =y(r,t)—B,(Ny—ny —Ang )An +pu, ([3E An)/dx]+ (kT /q)(3*An /0x )]
0Ap/dt=y(r,t)=B,(ny —Any )Ap +u,{[—3(E Ap)/3x]+(kT /q)(3*Ap /3x?)} ,
—B,(ny —Ang)Ap ,

0Any /0t =B, (Ny—np —Ang )An
9’0 /3x?=—0E /3x = —(q/€)(Ap —An —Any ) .

To complete the mathematical description of our pho-
toconductor, we must include the appropriate boundary-
value problems; the electrical contacts are defined at x=0
and L and the contact at x=0 is chosen to have the elec-
tric field reference (+ V). The initial field quantities are
given by Q(0,1)=0, Q(L,t)=—V,, Q(x,0)=—V,y(x /L),
and E (x,0)=V,/L.

Equations (12)-(15) constitute a standard set of non-
linear differential equations which can be numerically
solved using a variety of techniques. The following re-
sults were obtained using a spatially discrete finite-
element method which can be integrated for arbitrary
response time.'> Computed electrical responses for the
GaAs photoconductor were performed as a function of
excitation pulse shape, duration, and rise and fall time,
and the applied bias voltage with a constant gap spacing.
Electric field contours were digitally represented for our
specific device geometry rather than using a spatially uni-
form field. For a given optical field, the allowed transi-
tions from the heavy-hole, light-hole, and split-off bands
result in three distinct k-space levels for the excited elec-
trons in the conduction bands. Scattering parameters
used in the simulation included electron-phonon,
electron-electron, electron-hole, and intervalley scatter-
ing (C—L, T —X).'° The characteristics relevant to our
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experimental data include energy relaxation, Ohmic mo-
bility, drift velocity, diffusion, and thermalization rate.
The macroscopic time-dependent electrical characteris-
tics of the photoconductor can be simulated by incor-
porating the electron dynamics into the coupled partial-
differential transmission-line equations. Computed elec-
trical responses for the GaAs photoconductor were per-
formed as a function of excitation-pulse shape, duration,
and rise and fall time, and the applied bias voltage with a
constant gap spacing. Simulation parameters are listed in
Table II. Values for free-carrier scattering, thermaliza-
tion (7=~200 fs), and intervalley transfer rates were also
calculated and are consistent with previously reported re-
sults.!1+12

Figure 5 shows the calculated average electron velocity
versus time at static fields of 1, 5, and 10 kV/cm, with the
corresponding transient velocity responses (1/e) being
0.7, 0.5, and 0.4 ps, respectively. Velocity overshoot was
not predicted in the simulation results or observed experi-
mentally for excitation at 1.9 eV at bias fields up to 10
kV. The average electron energy, at 1.9 eV excitation, is
greater than the minimum L-valley energy, and as a re-
sult very rapid I' — L transfer reduces the possible effects
of velocity overshoot. Figure 6 shows the calculated
average electron momentum after excitation. The pho-

TABLE II. Coefficients and parameters used in the Monte Carlo calculation, exclusive of the photo-

conductor boundary conditions.

Parameters
Density (g/cm?) 5.37
Energy-band gap (eV) 1.43
Optical excitation energy (eV) 1.90
Plasma carrier density (cm®) 2.5X 10"
high-frequency dielectric constant 10.90
Static dielectric constant 12.85
Ballistic speed of sound (cm/s) 5.22X10°
Lattice constant (cm) 5.64X1078
I' valley L valley X valley
Effective-mass ratio 0.063 0.226 0.576
Number of equivalent 1 4 3
valleys
Valley separation (eV) 0.30 0.53
from I' valley
Nonparabolicity 0.62 0.43 0.22
factor (eV ™)
Polar optical-phonon 0.036 0.036 0.036
energy (eV)
Acoustic deformation 6.78 6.45 5.98

potential (eV)
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FIG. 5. Calculated average electron velocity as a function of
bias voltage. At an excitation energy of 1.90 eV, no velocity
overshoot was observed in the simulations.

toexcited plasma undergoes an initial relaxation decay
which approaches a steady-state value at roughly 2 ps.
These transient data provide a plasma-dampening rate
(74) of approximately 1 ps, which can then be incorporat-
ed into the differential equations used to calculate the
electrical response of the photoconductor. The traces
shown in Fig. 7 illustrate the calculated electrical
responses for our GaAs photoconductor under experi-
mental conditions assuming 7, <<7, [Fig. 7(a)] and
74~7, [Fig. 70)]. The calculation was performed using a
split-energy-level recombination model at the trap centers
in the bulk semiconductor.!* The computed responses
with 7, =7, agree fairly well with the experimental data;
the corresponding calculated rise and fall times for
excitation-pulse widths <1 ps are 2.25 and 4.25 ps, re-
spectively. Recombination phenomena at trap sites in
Fe:InP have also been shown to produce asymmetric pho-
toconductive responses in these devices.’
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FIG. 6. Calculated momentum-relaxation rate of the pho-
toexcited plasma; the decay data provide a plasma dampening
rate (7,) of approximately 1 ps. Squares are 50 keV, solid cir-
cles 300 keV, and crosses 2 MeV proton energies; also shown
are the corresponding defect densities produced.
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FIG. 7. Calculated electrical responses for our GaAs photo-
conductor assuming a plasma dampening of (a) 7, =1 or assum-
ing (b) 74 <<, for rectangular 0.5-, 1.0-, and 2.0-ps excitation
pulses. Rise times for all three pulse durations were consistent-
ly about 2 ps; however, the fall times vary from 2 to 5 ps.

IV. DISCUSSION AND SUMMARY

The effect of this transient capacitance may be most
pronounced in devices which have response times (=1
ps) limited principally by the carrier transport in the
semiconductor. It may also be important in millimeter-
wave applications where transient capacitance would im-
pair the response time and degrade the switching
efficiency of the photoconductor. The measurements re-
ported here using variable-length rectangular pulses al-
lows one to indirectly observe electron transport in pho-
toexcited plasma and to correlate this with electrical
properties of the photoconductor. It also points to a pos-
sible utility of pulse synthesis in measuring other time-
dependent artifacts in photoconductive circuits. Rec-
tangular pulses may be synthesized with fast rise times
(=90 fs) and a duration which can be sufficiently long to
allow the photoexcited plasma to reach a steady state.
This technique provides a new time-resolved measure-
ment to be made in photoconductive devices.

In summary, the defect-density profile in a radiation-
damaged GaAs photoconductor was correlated with the
observed electrical transient response of the photocon-
ductor. Experimental photocurrent transient data show
a correlation between the rise and fall response and the
excitation-pulse width, which is attributed to a time-
varying capacitance in the photoconductor. The relaxa-
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tion rate was determined to be =1 ps by excitation with
rectangular (7, < 100 fs) optical pulses with variable dura-
tions. Simulation results indicate that the photoexcited
carriers undergo an initial momentum relaxation due to
insufficient plasma dampening, and that the dampening
artifact is due to recombination at the intrinsic trap sites
which produces a time-varying capacitance in the photo-
conductor. Simulations with a plasma-dampening rate of
1 ps reproduce the observed transient response fairly ac-
curately, while similar calculations, including space-
charge generation at trap sites, are inconclusive.
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FIG. 2. Photoconductive architecture used for our experi-
mental measurements. The device was fabricated by a standard
liftoff technique on radiation-damaged GaAs. The propagation
length between the 25-um sampling and conduction gaps is 0.1
mm.



