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We have studied the time constants involved in photoreflectance from several GaAs surface- 
intrinsic-n + structures. The rise and fall times were determined from digital oscilloscope 
traces. We find that they depend on the intensity and wavelength of the pump and probe 
beams. The observed photoreflectance feature does not always follow a single exponential 
decay. The dependence of rise and fall times on intensity and wavelength of pump and probe 
beams can be accounted for by a theory based on majority-carrier flow. The characteristic 
time obtained can be used to determine the potential barrier height. 

Photoreflectance ( PR)le3 is used extensively in the 
study of semiconductors and semiconductor microstruc- 
tures.4 Recently there is growing interest in the use of 
Franz-Keldysh oscillations ( FK0)2,3*5 to determine Fermi 
level pinning ( V,) and its changes”” under different con- 
ditions. Despite the wide use of PR, its mechanism is not 
fully understood. Although the major mechanism of PR as 
being photoinduced modulation of the surface electric field 
was demonstrated in the early PR studies,lm3 the dynamics 
of PR has not been explored in detail. Several 
experiments”‘‘-I3 suggested that the mechanism for PR is 
the modulation of electric field through a recombination of 
minority carriers with charges in traps (surface, interface, 
or bulk). The modulation was achieved by a chopped, sec- 
ondary pump beam (a square wave source), impinging on 
the sample and creating electron-hole pairs when it is on. 
These charges were then free to fill traps and modify the 
electric field strength and abruptly change the built-in elec- 
tric field. When the pump light was switched off, the elec- 
tric field strength decayed with a characteristic time cor- 
responding to the emission rate of the traps. In these 
experiments, the time constant was obtained from the spec- 
trum of PR signal versus chopping frequency. 

In this letter, we report a time domain study of the 
dynamics of PR on several GaAs surface-intrinsic-n + 
(SIN + ) structures.6’7’14 Our results show that the PR 
characteristic time constant of these samples is not related 
to the emission rate of minority carriers from traps, but can 
be explained by majority-carrier flow from the bulk mate- 
rial annihilating the holes trapped at the surface of the 
semiconductor. 

GaAs SIN + structures grown by conventional molec- 
ular beam epitaxy (MBE) were used in this study. An 
undoped GaAs top layer of thickness d = 500-2000 .k was 
grown on an n + -( 100) GaAs substrate with an n + -doped 
l.O-pm-thick GaAs buffer layer. The conduction- and va- 
lence-band configuration are schematically shown in Fig. 
1. These samples were previously used in the study of 
Fermi level pinning,6 which revealed strong Franz- 

%EO-Centers, Inc., Lake Hopatcong, NJ 07849. Work performed at US 
Army ETDL. 

Keldysh oscillations near the fundamental gap of GaAs. 
The strength of the electric field determined from FKO 
was used to deduce the surface potential barrier V,. 

In the present room-temperature experiment the 
lock-in amplifier of a normal PR apparatus was replaced 
by a data averaging digital oscilloscope. The pump was the 
6328 A He-Ne laser beam chopped by an acousto-optic 
modulator to provide fast rise and fall times ( < 1 ,us). The 
probe beam, from a tungsten lamp and quarter-meter 
monochromator combination, was set at the two extrema 
of the PR spectrum, one above the gap at jzprobe = 8730 A 
and the other below the gap at &,be = 8930 A (see Ref. 
6). The power of the two beams were measured by a cal- 
ibrated power meter. Results from samples with different 
thicknesses are similar; only the results from the 2000 A 
sample will be discussed below. 

Pump on 

-Jres -------- 

N+ 

- electron 
- hole 

Pump off 

c Jres --------- 

NC 

I- d+ 
FIG. 1. Schematic energy-band diagram of a GaAs SIN + structure with 
an arbitrary distribution of surface states. Also shown is the carrier flow 
when pump beam is on (upper) and when pump beam is off (lower). 
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FIG. 2. Photoreflectance signal rise and decay CUNCZS from GaAs SIN + 
structure at the probe beam wavelength of 8730 A. The dotted line in C 
is nonexponential. The solid line in C is a least-squares fit to Eq. (5). 

Shown in Figs. 2(a) and 2 (b) is, the response of the PR 
signal monitored at /2rrobe = 8730 A with Pprobe = 28 pW/ 
cm2 and Pprobe = 2800 pW/cm2, respectively. The pump 
power was Ppump = 0.5 pW/cm2. Plotted in Fig. 3 is the 
result at /iprobe = 8930 A with the same power as that in 
Fig. 2(b) . The rise and fall times were obtained by a least- 
squares fit to an exponential decay (not shown). No no- 
ticeable deviation from a single exponential decay was 
found within our signal-to-noise ratio. The rise time is 
slightly shorter than the fall time, the latter being listed in 

hprobe=89304 
hpump=6328A 

Pprobe-2800pW/cm2 
3 
L 

Ppump=0.5~W/cm2 

f 

0 
I I I 

5 10 15 20 
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FIG. 3. Photoreflectance signal rise and decay ctrve from GaAs SIN+ 
structure at the probe beam wavelength of 8930 A. 
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TABLE I. Pall t ime constants and surface potential barriers measured at 
different intensity and wavelength of the probe beam. The power density 
of the probe beam is 0.5 ,uW/cm*. 

P pdK /I F&C 
(pW/cm*I f.4) 

28 8:'30 
2800 8:'30 
2800 8930 

T  
(ms) 

a.70 
0.33 
1.44 

PKO 
+i 

0.68 
0.66 
0.66 

vc,"' 
tv) 

0.69 
0.67 
0.71 

Table I. Also listed in Table I are the potential barrier 
height v”,“” measured from FKO in a conventional PR 
experiment with the same light intensity and the modula- 
tion frequency of 480 Hz6 

Under small modulation, the strength of PR signal is 
proportional to the ac electric field derived from the ac 
photovoltage. Therefore, Figs. 2(a) and 2(b) represent the 
change of the electnc field under optical pump. It is clear 
that we do not observe the abrupt change of electric field 
when the pump beam is switched on. In fact, the rise time 
is approximately equal to the fall time. Thus, it is unlikely 
that the dynamics of PR are related to ;a trap state, as it is 
always energetically favorable for a tra.p to capture some 
carriers. Furthermore there is no simple reason why both 
the capture and emission rates of a trap state (or two or 
more discrete surface states) I5 depend on both probe in- 
tensity and probe wavelength. 

The result in Taible I can be understood as follows. The 
top undoped layer, which supplies the PR signal, is sand- 
wiched between the negative charges in the surface states 
and the positive charges in the thin depleted layer of the 
n + buffer (Fig. 1). The capacitance per unit area is 
C=eeo/d, while the resistance per unit area is 
R =,$ffrJdV,) - ‘. Here J,,, is the restoring current den- 
sity ’ 

Jres=Jst[exp(q~‘~/kT) - 1 I, (1) 
with V, the photovoltage, Jst the saturati,on current density, 
q the electron charge, and k the Boltzmann constant. For 
our sample, Bethe’ s condition’3p14 F> kT/ql is satisfied, 
where i is the carrier mean free path and F  is the electric 
field. Therefore, the thermionic emission is the dominant 
contribution to the saturation current, i.e., 

fs,=A**T2 exp( - qV&kT), (2) 
where A** = 8.0 A/cm K2 is the effective Richardson con- 
stant and VF is the surface Fermi level. Thus the time 
constant for the system is 

7=RC= (Erzdd)(kT/q) ( 1/A**T2)exp(qVm/kT). (3) 
Here we have used V,= VF - V, 

In Eq. (3), the time constant depends on the photo- 
voltage, and hence on Pprobe and Aprobe. ‘The calculated bar- 
rier heights, G’ also listed in Table I, are in good agre,e- 
ment with FKO t%r measurements at d,b, = 8730 A. 
However, at ;tprobe = 8930 A, Vc:’ is significantly larger 
than v”,““, This is due to the small absorption (electroab- 
sorption a z 28 cm - ‘) l8 and hence low photovoltage at 
this wavelength which is below the fundamental gap of 
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GaAs. In fact the calculated potential barrier I’$ = 0.71 V 
is in good agreement with the result obtained from FKO 
under a much lower illumination power.6 In an optical 
experiment the electric field changes when the photon en- 
ergy changes. Since the electric field determined in PR is 
from the FKO observed above the band gap, pmKo repre- 
sents only an average when the probe beam is above the 
gap. 

The dependence of rise and fall time on the pump 
power is more complicated. The rise time decreases with 
increasing pump power, as a result of additional induced 
photovoltage. We have also noticed a small decrease of the 
fall time. In Fig. 2(c) we show an oscilloscope trace with 
P pump = 5 mW/cm’ and Pprobe = 28 pW/cm’. In this case 
both the rise and the fall processed show a nonexponential 
decay characteristic. This process can be described by 

&2(t) dV,,z(t)C 
---IF=- dt =Jprobe + Jp,,,W -J,(t), 

(4) 
where Jprobe and J,,“,,,,, are the probe and pump beam in- 
duced photocurrents, and Q is the net positive charge in 
the depletion layer of n + buffer. The solution of Eq. (4) 
under a square wave pumping is 

i 

r - A VJ( t - f,,n,rOon,rOoff) 
vs(t) = cff + AVf(t - t,,tr,r,rtir,,) 

Pump on 
Pump off (5) 

where v ( cff) is the photovoltage after keeping the 
pump beam on (off) for a long enough time, 
A V, = Y’ - pff, rO,,( ran) is given by Eq. (3) with 
I’,,,= I’, - vCoff), and 

f(t,7’,T2)=1n[ 1 - (1 - T~/T’) 

X exp( - t/rt)l/ln(r2/r’). (6) 

If the pump beam is weak, i.e., q( c - cff)/kT ( 1 and 
r,, = roff, then Eqs. (5) and 6 can be simplified to a single 
exponential decay. 

Although the effect of probe beam power is not explic- 
itly shown in Eqs. (5) and (6), it does affect the overall 
dynamics of the process. This effect is involved in Eq. (3) 
through the dependence of V, on the photovoltage V, We 
plot in Fig. 2(c) a least-square fit to Eq. (5) with two 
characteristic times as free parameters. The results are 
7 on = 0.068 ms and roff = 0.70 ms. Using Eq. (3) we find 
that ro, = 0.068 ms corresponds to a potential barrier of 
0.62 V. 

Our interpretation implies that the surface states which 
participate in an ac modulation of PR act as recombination 
centers.” They cannot be surface states which only trap 
one kind of carrier, but must interact with both conduction 
and valence bands (Fig. 1). When the pump beam is 
turned on, these surface states discharge electrons by cap- 
turing photogenerated holes from the valence band. Also 
taking place is the competing process of capturing the elec- 
trons provided by thermionic emission from the n + layer 
over the built-in potential barrier (i.e., the restoring cur- 
rent). The rate at which these two processes come into 
steady state gives the characteristic rise times. When the 

pump light is switched off, the surface states are recharged 
by capturing electrons from the conduction band again 
though the restoring current. This recharging will go on 
until the original electric field is recovered. 

In the present experiment we do not see the surface 
trap states which have been observed in deep level transient 
spectroscopy (DLTS) measurements. In our experiment 
the pump duty cycle is larger (50%) and the modulation 
frequency is higher than in DLTS. The slow trap states 
cannot follow the pump switching; thus the pump beam 
creates only an average charging of the states. Although 
the charges in the trap states contribute to the dc photo- 
voltage, their contribution to the ac PR signal is less im- 
portant. 

In conclusion, we have studied the dynamics of pho- 
toreflectance in SIN + samples. The dependence of rise and 
fall time on intensity and wavelength of pump and probe 
beams can be accounted for by a theory based on majority- 
carrier flow. The characteristic time obtained can be used 
to determine the potential barrier height. We have demon- 
strated that the potential barrier height is different when 
the energy of the probe beam is below and above the fun- 
damental gap of GaAs. We conclude that the surface states 
responsible for PR modulation in the SIN + structures are 
recombination centers. This result is in contrast to the pre- 
vious models whereby captured holes are always emitted 
back to the valence band. 

The authors would like to thank D. Aspnes for helpful 
discussions. 
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