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Non-steady-state photo-EMF in semi-insulating GaAs
under frequency-modulated illumination
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Abstract – We report the excitation of the non-steady-state photoelectromotive force using a
uniformly accelerated motion of the recording light pattern. Such illumination is created by
the linear frequency modulation of the interfering light beams. The pulsed response is observed
experimentally in a semi-insulating GaAs crystal at a light wavelength of 633 nm. The evolution
of the pulse shape vs. sweep rate is demonstrated. We also discuss the possible application of the
e!ect in laser Doppler velocimeters and accelerometers.
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Introduction. – Since its discovery in 1986, the e!ect
of the non-steady-state photo-EMF [1] has found a lot of
applications as a tool for material characterization and a
method for detection of phase-modulated optical signals.
The e!ect reveals itself as an alternating current arising
in a semiconductor illuminated by an oscillating interfer-
ence pattern [1–3]. The related techniques realized with
an interference pattern running with constant velocity are
called holographic current [4] or moving photocarrier grat-
ing technique [5]. The electric current appears due to spa-
tial shifts of the space-charge and photoconductivity dis-
tributions in the crystal volume. The utilization of a light
pattern running with constant velocity usually results in a
dc output signal, while the techniques using an oscillating
pattern provide an ac one.
The excitation of the photo-EMF signal involves pro-

cesses of carrier generation, di!usion and drift in an elec-
tric field, recombination to local centers. This complex
nature of the e!ect makes it a powerful tool for the de-
termination of photoelectric parameters such as the type
and value of photoconductivity, carrier lifetime, mobil-
ity and di!usion length, density of recombination centers,
etc. [3,5–8].
The running or oscillating interference patterns are

usually created by two coherent light beams shifted by
frequency or phase modulated by a sinusoidal signal,
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respectively. A constant frequency shift can arise be-
cause of the Doppler e!ect, while the sinusoidal phase
modulation appears in the beam reflected by a vibrat-
ing object. Corresponding schemes of velocimeters and
vibrometers using photoconductive materials have been
proposed [9–13].
In this study we try to extend the variety of the photo-

EMF techniques introducing the linear frequency modu-
lation (LFM) in the light beams forming an interference
pattern. The pattern turns out to be uniformly acceler-
ated in this case. One can expect that the linear frequency
modulation will result in a pulsed output signal. Indeed,
the response of the highly resistive material to initial fast
variations of the light intensity is negligibly small. At the
moment, when the interference pattern slows down and
stops, a noticeable space-charge grating is recorded, and
the signal can appear. Then the pattern begins to run fast
again and the signal vanishes. In the following sections we
shall consider this e!ect in detail and discuss its possible
applications.

Experimental arrangements. – The experimental
setup used for measurements of the non-steady-state
photo-EMF signal is shown in fig. 1. The light from the
He-Ne laser (! = 633 nm, Pout ! 30mW) passes through
two acousto-optic modulators ML-201-1, which introduce
the frequency shifts f0 and f0 + "f(t) into di!racted
light beams (f0 = 80MHz). We use the output of the
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Fig. 1: (Colour on-line) Experimental setup used for mea-
surements of the non-steady-state photo-EMF signal excited
by frequency-modulated light. AOM are the acousto-optic
modulators.

spectrum analyzer SK4-59 as a generator of the linear-
frequency–modulated signal because of its wide range of
frequency deviation. Then these beams are directed to
the sample forming the interference pattern with aver-
age intensity I0 = 240mW/cm2, contrast m = 0.97 and
spatial frequency K = 190mm!1. The excitation of
the non-steady-state photo-EMF is carried out in a semi-
insulating GaAs crystal. The sample has dimensions of
3"3"0.5mm3, the front and back surfaces 3"3mm2 were
polished. Two gold stripes were deposited on the front sur-
face (with an interelectrode spacing of 1mm). The sam-
ple is tilted around the direction of light propagation by
# 15" in order to decrease contact the photo-EMF [14].
The non-steady-state photo-EMF creates voltage on the
load resistor RL = 1M#, which is then measured by the
digital oscilloscope. The sweep voltage from the spectrum
analyzer feeds the oscilloscope as well, allowing simultane-
ous measurements of the frequency shift and investigated
signal.

Experimental results. – First let us find out if the
moment of the signal appearance is unambiguously deter-
mined by the slowing-down and stopping of the interfer-
ence pattern, i.e. by the coincidence of frequencies of the
signal and reference beams. We settle several di!erent cen-
tral frequencies on the spectrum analyzer (79.6–80.4MHz)
and measure the corresponding traces of the non-steady-
state photo-EMF (fig. 2). As seen, the pulse position,
i.e. the time when photocurrent changes its sign, well cor-
responds to the moments when the frequencies of the light
waves are equal ("f = 0).
Figure 3 presents traces of the non-steady-state photo-

EMF signal measured at di!erent sweep rates A. At low
sweep rates the pulse consists of two parts with compa-
rable amplitudes and opposite signs. The increase of the
sweep rate decreases the pulse duration, while the ampli-
tude remains nearly constant. At large sweep rates the
negative peak becomes sharper than the positive one. At
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Fig. 2: (Colour on-line) Oscillograms of the frequency shift
in the signal beam and the corresponding current arising in a
GaAs crystal (A = 108 Hz/s).

very large A chirped and damped oscillations appear. The
most pronounced oscillations are achieved by the simulta-
neous increase of the sweep rate and decrease of the il-
lumination level. The appearance of oscillations can be
simply explained. The interference pattern runs very fast
at t < 0 preventing the formation of a space-charge field
grating. Then it slows down and stops at t = 0. The sta-
tionary field grating with a noticeable amplitude arises.
At 0 < t < "sc the interference pattern begins to run in
the opposite direction but the recorded stationary grating
is still present. This combination of running interference
pattern and stationary grating gives rise to the oscilla-
tions of the current analogous to the ones in experiments
with conventional non-steady-state photo-EMF. These os-
cillations are decaying since the space-charge field grating
erases with characteristic time "sc [15,16].
Let us estimate the pulse response for the case, when

frequency deviation "f(t) = At is very slow. Then, we
can consider the non-steady-state photo-EMF as if it is
excited by an interference pattern running with constant
speed. Here we should clarify the criterion of the men-
tioned “slowness”. Let us compare the time-dependent
component of the interference pattern traveling with con-
stant speed with that of the uniformly accelerated pattern.
In both cases it can be presented as exp[iKx+i#(t)], where
#(t) is the phase of the interference pattern, which possess

the value #(t) = $2$"f0t or #(t) = $2$
! t
0 "f(t)dt =

$$At2, respectively. If we follow the evolution of these
phases in the vicinity of time t0 during time interval "t
(track wave trains of duration "t), we obtain the corre-
sponding increments:

#(t0 +"t)$ #(t0) =

"
$2$"f0"t,

$2$"f(t0)"t$ $A("t)2.
(1)

If the initial frequency shifts at time t0 are equal
("f0 = "f(t0)), then the di!erence between the consid-
ered cases is defined by the term $A("t)2. Now we should
choose the appropriate value for the time interval "t. The
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Fig. 3: (Colour on-line) Oscillograms of the photocurrent in a GaAs crystal measured for di!erent sweep rates A = 106, 107,
108, 109 Hz/s. The dotted line shows the approximation by eq. (4) for !sc = 12µs.

time of the space-charge grating formation "sc is the best
candidate for this role: this is a characteristic amount of
time while our dynamic system “remembers” its initial
state; in other words, any di!erences in recording process
are insignificant beyond this time interval. Finally, the
required criterion is as follows:

$A"2sc % 1. (2)

The density of the photocurrent excited by the interfer-
ence pattern running with constant speed [10] is given by

j =
m2%0ED

2(1 +K2L2
D)

"&"sc
1 + ("&"sc)2

, (3)

where %0 is the average photoconductivity, ED is the dif-
fusion field, LD is the di!usion length of the photocar-
riers. Here we assume the spatial frequency to be not
very high: K2L2

S % 1, where LS is the Debye screen-
ing length. The direct substitution of the frequency shift
"&(t) = 2$"f(t) = 2$At provides the desired pulse
response:

j(t) =
m2%0ED

2(1 +K2L2
D)

2$A"sct

1 + (2$A"sct)2
. (4)

According to this expression the pulse should appear in
the vicinity of t = 0 where the interference pattern is

stopped. It should consist of the negative and positive
parts, the peak-to-peak amplitude m2%0ED/2(1+K2L2

D)
is determined generally by the average photoconductivity.
The duration of the pulse "p ! 1.19/A"sc defined by the
relative level ±0.5 depends on the sweep rate A (condi-
tion of the experiment) and time "sc (parameter of the
material).

As seen from this expression, the main features of the
e!ect such as the time of the pulse appearance, the shape
of the pulse and the variation of its duration vs. sweep
rate are well matched to the experiment. There are,
however, some peculiarities which are not described by
eq. (4). First, the pulse measured at the lowest sweep rate
(A = 106Hz/s) should be the most symmetric. In prac-
tice the preceding positive half has a 1.9 times smaller
amplitude than the following negative one. Second, the
pulse tails decay more slowly than t!1 as predicted by
eq. (4). The dotted line in fig. 3 shows the approximation
by eq. (4) for "sc = 12µs (we fitted the most sym-
metric curve). The origin of these discrepancies is un-
known, we just can suppose that it can be associated
with bipolar conductivity and high light absorption in
GaAs at ! = 633 nm. Both factors su$ciently change the
dynamics of space-charge formation and non-steady-state
photo-EMF characteristics [17–19].
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Fig. 4: (Colour on-line) Dependence of the photo-EMF peak-
to-peak amplitude vs. average light intensity (A = 5 !
107 Hz/s). The solid line shows the approximation Jp-p " I0.560 .

We have also measured the dependence of the signal on
the light intensity (fig. 4). The peak-to-peak amplitude of
the pulse demonstrates noticeable sublinearity Jp-p & I0.560

in the range I0 = 11–240mW/cm2, which is rather typ-
ical for GaAs crystal at this wavelength. Decreasing the
light intensity we observed an evolution of the pulse shape
similar to that for the increasing sweep rate. This fact con-
firms the statement that the pulse shape is determined by
the combination of the parameters A and "sc.

Discussion. – The uniformly accelerated interference
pattern excites the pulse of electric current in semiconduc-
tors. For a slowly varying frequency shift ($A"2sc % 1) we
can use a theoretical approach developed earlier for the in-
terference pattern running with constant speed [10]. How-
ever, some features such as oscillations arising at higher
sweep rates ($A"2sc ' 1) and slowly decaying pulse tails
in GaAs point out to the necessity of a more detailed
theoretical analysis taking into account the dynamics of
space-charge formation, bipolar conductivity, high light
absorption [17–19].
For years we emphasized the fact that the frequency

transfer function of the conventional non-steady-state
photo-EMF measured at low frequencies is similar to
that of the simplest di!erentiating RC-circuit (high-pass
filter) [2,3]. One can note that the behavior of the
photo-EMF signal for linear frequency modulation is more
similar to the one of the integrating RC-circuit (low-pass
filter): at large |t| the frequency is large, too, and the ac
voltage is damped; at low |t|, when the frequency is small,
the signal freely passes through the integrating RC-circuit.
Let us point out the possible applications of the stud-

ied e!ect. The pulses appear at the moments when the
frequencies of the signal and reference beams coincide.
This fact can be used in the Doppler scanning velocimeter
estimating the unknown velocity from the time delay of
the detected pulses. Moreover, the duration and shape of
the pulses provide information about the sweep rate of the

LFM signal, which can be caused by the uniformly accel-
erated motion of the object. This means that the velocity
and acceleration can be measured simultaneously by the
detection of the only pulse, which is very actual in inves-
tigations of fast processes. In this work we used frequency
shifts and sweep rates in the ranges |"f | = 0–10MHz
and |A| = 1–1000MHz/s. They would correspond to the
following ranges of velocity and acceleration of the light
reflecting object: |V | = 0–3m/s and |a| = 0.6–600m/s2.
The devices realized on the considered e!ect will in-

herit the advantages of the devices using conventional non-
steady-state photo-EMF. They include the rather high
sensitivity and adaptivity, i.e. the possibility of operation
in the presence of a slow phase drift in the interferometric
setup. The devices will also be able to detect light signals
with complicated wave fronts, even with speckle patterns
produced by reflection from the real di!usely scattering
objects.
The developed techniques can also be used for charac-

terization of wide-gap semiconductors. Instead of investi-
gations of frequency transfer functions we can measure the
pulse response and estimate space-charge formation time
"sc and the corresponding photoconductivity %0.

Conclusion. – Linear frequency modulation of opti-
cal beams provides another way to excite time-dependent
photo-EMF signal. The e!ect reveals itself as an electric
pulse arising in photoconductive media at the moments
when the interference pattern slows down and stops. Du-
ration, amplitude and shape of the pulses are determined
by the sweep rate of linear frequency modulation and by
the material parameters. This may allow to develop new
techniques of material characterization and the detection
of frequency-modulated optical signals.
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