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The photogalvanic effedPGE in an asymmetric undoped system of
three GaAs/AlGaAs quantum wells illuminated with white light of vari-
ous intensities is investigated in magnetic fields up to 75 kOe at tem-
peratures ranging from 4.2 K up to 300 K. A maximum of the sponta-
neous photogalvanic curredf®E as a function of the magnetic field
predicted by A. A. Gorbatsevicht al, JETP Lett.57, 580 (1993, is
observed. Analysis of the experimental data shows that the main initial
characteristic of the PGE is not the spontaneous current but rather the
electromotive forceEPCE arising in the direction perpendicular to the
applied magnetic field. It is determined that this emf is independent of
the intensity of the incident light, increases linearly with the sizef

the illuminated region, and decreases slowly with temperature:
EFCE-0.8 V at 300 K and~0.1 V at 4.2 K ford~3 mm. The curve
EPHH) at room temperature is determined with allowance for the
strong transverse magnetoresistance of the nanostructurel99®
American Institute of Physic§S0021-364(06)01103-4

In Ref. 1 it was shown that the photoinduced nonequilibrium character of the carrier
distribution function in an asymmetric system of quantum wells in a magnetic field
oriented parallel to the layers of a nanostructure results in the appearance of a lateral
photogalvanic effedfPGE) — the appearance of a spontaneous current directed along the
layers of the nanostructure and perpendicular to the magnetic field. This effect was
detected experimentally in Ref. 2 from the displacement of the current—voltage charac-
teristic of an asymmetric GaAs/AlGaAs structure with three tunneling-coupled quantum
wells. In Ref. 2 the measurements of the PGE were performed in a weak magnetic field
H~5 kOe at temperaturéE>77 K.

In the present paper we report the results of investigations of the PGE for a similar
asymmetric nanostructure in strong magnetic fields of up to 75 kOe at temperatures from
4.2 to 300 K. Samples of the nanostructiral,Ga _,As/i-GaAs (x=0.25) with three
quantum wells with layers of width,,=54, 60, and 70 A separated by barrier layers of
width Lg=20 and 30 A were investigated. This asymmetric system of tunneling-
coupled quantum wells was sandwiched between two WRBD A) i-Al,Ga _,As
(x=0.25) barrier layers adjacent to aiGaAs(1 uwm) buffer layer and to an-GaAs(200
A) layer covering the structure.

209 0021-3640/96/030209-07$10.00 © 1996 American Institute of Physics 209



The samples were rectangular with dimensions of the order>02 8nm, with a
single pair of in-line contacts symmetrically located 4 mm apart. The contacts were
produced by the alloying in of indium in vacuum or in a nitrogen atmosphere at a
temperature of 420°C for several minutes. A special insert, 20 mm in diameter with an
optical lead-through placed vertically into the intermediate temperature Dewar insert of a
superconducting solenoid, was constructed for the measurements of the PGE. The tem-
perature of the sample was stabilized in the range from 4.2 K up to room temperature to
within ~0.05 K. Light from a KGM-70 halogen lamp was delivered to the sample along
a flexible optical fiber~1 mm in diameter. The maximum power of the radiation deliv-
ered to the sample was of the order of 5 mW. Calibrated metal grids were used to
decrease the power in a controlled manner. The contacts and the neighboring sections of
the sample were covered with a special shield, so that the central region of the sample
was illuminated with a light spot whose diameter ranged from 2 to 3 mm. A simple check
showed that the electrical resistance of the illuminated section of the sample was approxi-
mately 100 times smaller than that of the shielded section. The samples were oriented
with the plane of the layers parallel to the magnetic field and could be turned so that the
line of the contacts was parallel or perpendicular to the magnetic field.

The measurement scheme consisted of a simple closed series circuit consisting of
the sample and a standard measuring resistance. The current circulating in the circuit was
determined from the voltage drop across the measuring resistance. We note that the
measured current was equal to the short-circuit curd€iE, since the resistance of the
experimental samplesvhich, depending on the diameter of the light spot, ranged from
60 to 140 M) at room temperature under maximum illuminadievas much larger than
the measuring resistan¢&0 k(). The magnetic field dependenc#$*§(H) at different
temperatures and levels of illumination were measured. The magnetic field was scanned
in two directions: from 0 to 75 kOe and from 0 to75 kOe. As the field was scanned, the
computer data acquisition and processing system stored the measured values of the cur-
rent and averaged them over a large number of readings, as a result of which the current
sensitivity reached: 0.001 nA.

The basic results of the experiments reduced to the following:

1) In the absence of a magnetic field a very weak curdftw) (tenths of a
nanoamperne which depended on the power of the light (photocurrent aH=0) and
whose magnitude and sign depended on the temperature, was always observed.

2) When the samples were oriented so that the line of the contacts was perpendicular
to the magnetic field, a pronounced photogalvanic effect, W= J2(W) with an
asymmetric, honmonotonic dependenlﬁ@E(H), was observed. The magnitude of the
PGE and the form of the magnetic-field dependen1§§§(H) depended strongly on the
temperature;

3) When the samples were oriented so that the line of the contacts was parallel to the
magnetic field, there was no photogalvanic effect to within the sensitivity of the measur-
ing circuit.

The characteristic features of the data are illustrated by the following.

Figure 1 shows the magnetic-field dependenlfésE(H) measured for a sample at
283.7 K with different light powers 0.36M\y, 0.49W,, 0.65W;,, and the maximum
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FIG. 1. Field dependences of the photogalvanic currlﬁ’ﬁlE(H) at T=283.7 K under different levels of
illumination.

power W,,.,,~5 mW. One can see that at this temperature the magnetic-field dependences
JECHH) are nearly symmetric, odd functions Bf with pronounced extrema near the
positive and negative values OECGE. At this temperature the current—voltage character-
istics J(U) measured atl =0 for different values ofV exhibit a very weak nonlinearity

in the range of values 10 nA <J<10 nA characteristic for the observed PGE, and their
slight asymmetry is due to the presence of a zero photocuiEg(M/). In the absence of

a magnetic field the conductivity of the nanostructure determined from the slope of the
dependenced(U) at this temperature is directly proportional\é. If the experimental
curveng’CGE(H) are converted, using the current—voltage characterid(icy measured

for different values oW, into the curvesUf;GE(H), then a singleW-independent, odd
function UPCKH), describing the magnetic field dependence of the PGE and reaching

the extreme values "= +0.63 forH .~ 20 kOe, is obtaine¢see curvel in Fig. 3.

As the temperature is lowered, the photogalvanic effect measured according to the
current becomes much weaker, and the experimental cdﬂ@‘:};H) become strongly
asymmetric. For example, Fig. 2 shows tHESH) curves measured at a temperature of
204.1 K for the same power level¥y as before. One can see that although the effect
measured as the difference between the peak valud§tH) is approximately five
times weaker, the symmetry of the cur\@%GE(H) relative to the origin has changed
substantially. At this temperature, in the face of an overall decrease in the conductivity of
the system the nonlinearity and asymmetry of the current—voltage characteristics are now
much strongersee inset in Fig. 8 As before, if the generalized functidn,®§H) is
constructed from the current—voltage characteristics measured #d0 and different
values ofW, then an odd functiotd "5 H) that is universal for different values 4¥ is
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FIG. 2. Field dependences of the photogalvanic currlﬁ@E(H) at T=204.1K under different levels of
illumination.

also obtained, with peak valud$"Sc=+0.3 V only a factor of two smaller than at

T=283.7 K(see curve? in Fig. 3.

The photogalvanic effect can also be observed at very(limuid-helium) tempera-
tures. For example, the curvéEtGE(H) measured at 4.2 K for different values \&f are
presented in Fig. 4. The magnitude of the effect determined at this temperature from the
difference of the amplituded>Fis exactly 100 times smaller than at room temperature.
Unfortunately, the current—voltage characteristics of a nanostructure at 4.2 K at current
strengths characteristic for the PGE could not be constructed with the accuracy required
for constructing the functiott"H). The initial sections of thd(U) curves at 4.2 K
are nonlinear, and the current—voltage characteristics are on the whole strongly asym-
metric in a large range of values bf. The peak values dfif,°{H) can nevertheless be
estimated using the conductivity of the nanostructure for large positive and negative
voltages. Such an estimate give§ec~+0.1 V.

In Ref. 1 it was predicted that a spontaneous photogalvanic current determined by
the simple relationdpce= BT (B is a dissipative coefficient arising as a result of the
disequilibrium andr is the toroidal moment densijtghould pass through a maximum as
the magnetic field is scanned. This is becalisgdecreases with increasitd) as a result
of the localization of the wave functions of the electrons. The data obtained in the present
work can be regarded as a confirmation of this prediction. However, the very regular
antisymmetric form of the curvd"®§H), which at this temperature does not depend on
the light powerW, suggests that the initial characteristic of the PGE is not the sponta-
neous current, but rather the electromotive fdEEEE arising perpendicular to the applied
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FIG. 3. UP®KH) reconstructed from the experimental curves]EﬁE(H) and the current—voltage characteris-
tics J(U) at T=283.7 K (curve 1) and T=204.1 K (curve 2). Inset: Initial section of the current—voltage
characteristic of the nanostructureTat 204.1 K. Curve3 shows the field dependence of the photogalvanic emf
at T=283.7K, allowance for the transverse magnetoresistance of the nanostructure.

magnetic field. If it is assumed that the functiof °§(H) reconstructed from the experi-
mental curvesJEfE(H) and the characteristicgU) largely reflects the basic character of

the functionEP®YH), thenEP®HH) is independent of the power of the incident light

and therefore of the density of nonequilibrium charge carriers and is nearly temperature-
independent, decreasing in magnitude by only a factor of six when the nanostructure is
cooled from room temperature to the temperature of liquid helium. In this sense the
spontaneous photogalvanic current, which, as was shown above, becomes strongly asym-
metric as the temperature decreases, appears to be a consequence of the nonlinear and
asymmetric current—voltage characteristics of the nanostructure as measured indepen-

dently with an external dc voltage applied to the structure.

Experiments in which the size of the light spot on the sample was varied support the
interpretation of the data in terms of the appearance of a photogalvanic emf. These
experiments made it possible to track the dependence of the proposed emf on the length
of the illuminated section. For example, when the diameter of the light spot increased
from 2 to 3 mm, the slope of the current-voltage characterist{¢s) increased by a
factor of 2.2(since the length of the unilluminated sections decreased by approximately
a factor of 3 and the photogalvanic curredf°5H) increased by a factor of 3.3, i.e., the
emePGE(H)ocJSCGE(H)/J(U) increased by a factor of 1.5, exactly the amount by which
the length of the illuminated central section of the sample increased.

At the present time, the reasons why the nonlinearity and asymmetry of the charac-
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FIG. 4. J°°§H) measured aT=4.2 K under different levels of illumination.

teristicsJ(U) increase as the temperature decreases are not clear. However, if the pho-
togalvanic effect initially involves the appearance of an emf proportionll, tat least in

weak fields, then it is very significant that the nonmonotonic dependen€H) with
extrema could simply be due to the large positive magnetoresistance of the nanostructure.
We investigated the transverse magnetoresistance on samples of these nanostaictures
T=283.7 K, and we showed that the resistance of the nanostructure increases very
strongly with the field, following a field-dependen&H) which is nearly linear in
moderate fields and tends to saturate in strong fields. At low voltage® 1 V) applied

to the structure, R(H) —R(0))/R(0)=1.85 in a magnetic field of 75 kOe. If the depen-
dence EP®§H)=JECHH)-R(H) is constructed using the experimental values of the
magnetoresistand@(H) and the currenﬂSPCGE(H), then the dependence represented by
curve 3 in Fig. 3 is obtained. One can see that the extrema of this dependence are much
less pronounced, i.e., the photogalvanic current decreases in#@d«Oe mainly as a

result of the high magnetoresistance. It should be noted that in Ref. 3 the magnetoresis-
tance was investigated at the shortest light-spot diani2term) used in our experiments,

for which the contribution of the unilluminated sections of the sample to the total resis-
tance of the nanostructure remains large. The real magnetoresistance of the illuminated
region of the nanostructure can be much larger than the resistance measured in Ref. 3. In
this case the functioB”®5H) may not have any extrema at all, but may simply saturate

in fields >20 kOe.
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