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The competition between tunneling (vertical transport) and relaxation (exciton formation) of pho-
togenerated carriers in GaAs-Alj ;0Gag 71As multiple quantum wells in an electric field has been
studied by means of nonlinear luminescence and photocurrent measurements and time-correlated
single-photon counting. The nonlinearity is brought about by an exciton formed by bimolecular
processes. The nonlinear luminescence and photocurrent signals are qualitatively explained in
terms of the competition between tunneling and relaxation. Furthermore, the heavy-exciton
luminescence shows two exponential decays when the electric field is 10-29 kV/cm. The slow com-
ponent is ascribed to excitons formed by the bimolecular processes as a result of multiple successive
processes of tunneling, relaxation, and exciton dissociation. Under the resonant electric field
F,=29 kV/cm, where electron sequential resonant tunneling occurs, the slow component dimin-
ishes because of the increase of the electron tunneling rate.

I. INTRODUCTION

The study of semiconductor quantum-well structures
under an electric field lies in one of the most attractive in-
terdisciplinary fields of fundamental physics and applica-
tion. Many interesting phenomena have been discovered
concerning resonant tunneling.! "!° In particular, relaxa-
tion and tunneling of photogenerated carriers in the semi-
conductor quantum wells are interesting and attractive in
terms of the optical spectroscopy, because we can give
artificially a variety of circumstances to photogenerated
carriers by designing the semiconductor microstructures.

In this work, we present the results of the study to re-
veal the competition between tunneling (vertical trans-
port) and relaxation (exciton formation) of the photogen-
erated carriers. In the presence of an electric field along
the quantum-well growth direction, some photogenerated
electron-hole pairs are dissolved and fall into different
wells. Some of them form excitons, while others move
further to surrounding wells. The competition and the
dynamical aspects of the above-mentioned processes are
open problems and should be clarified. In this paper, we
tried to solve the problems by means of the nonlinear
luminescence'"!? and photocurrent measurement and
time-correlated single-photon counting.

II. EXPERIMENTAL PROCEDURES

In the experiments, photoexcited GaAs-Alj ,0Gag 7;As
semiconductor quantum wells were studied in an electric
field along the quantum-well growth direction (denoted
by =z direction) at 4.2 K. Samples are GaAs-
Aly ,0Gag 7;As quantum wells (100 alternate periods of
12-nm GaAs wells and 5.8-nm Al ,,Ga, 7;As barriers)
embedded in the p-i-n-diode structure grown by
molecular-beam epitaxy.

The experimental setup for the luminescence and pho-
tocurrent measurements is shown in Fig. 1. For the pho-
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toexcitation source, a 7-ps cavity-pumped (CD) dye laser
synchronously pumped by a mode-locked Kr* laser was
used. The excitation photon energy was 1.76 eV which
excites the GaAs wells selectively. The highest excitation
density 480 mW cm 2 adopted in this study corresponds
to the carrier density of 1X10' cm™2 A dual-chopping
technique was used to study the heavy-exciton photo-
luminescence Ip; and the photocurrent Ip: as a function
of the external electric voltage V,,,. The technique is
suitable to detect the small nonlinearity in the photo-
luminescence and the photocurrent. Two equally split
laser beams were chopped at different frequencies, @, and
,. By using an optical delay, both laser beams were ad-
justed to hit the sample simultaneously. By using the
lock-in technique, luminescence and photocurrent modu-
lated at the frequencies w,, w,, ®; +®,, and 0, —w, were
separately analyzed. In the luminescence experiment, the
spectrally resolved intensity of the exciton luminescence
was observed by using a 75 cm monochromator and a
Hamamatsu R1477 photomultiplier tube, while the spec-
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FIG. 1. Experimental setup for the nonlinear luminescence
and photocurrent measurements. (PM = photomultiplier.)
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trally integrated intensity was detected by replacing the
monochromator by color filters. We also changed the
overlap of two beams and the excitation density, as de-
scribed below.

(1) The excitation pulse-repetition frequency is 4 MHz,
and spot centers of two laser beams are spacially away
from each other by about 300 um.

(2) The excitation pulse-repetition frequency is 4 MHz,
and two laser beam spots are completely overlapped.

(3) The excitation pulse-repetition frequency is 41
MHz, and two laser beam spots are completely over-
lapped.

In all cases, the spot size was about 150 um in diame-
ter. The spot size and the beam-overlap configuration
were carefully checked by using the stereomicroscope. In
the time-correlated single-photon counting experiment,
the exciton luminscence peak was temporally analyzed
with the time resolution of 0.4 ns and the spectral width
of 0.2 nm.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Excitons formed by bimolecular processes

So far, many nonlinear responses of exciton lumines-
cence in semiconductors have been reported. Under
high-density excitation, Coulomb screening, phase-space
filling or exchange interaction, and band renormalization
is considered to be the origin of the nonlinearity.!> Their
nonlinearity means minus deviation from the linear
dependence on the excitation density. However, we ob-
served the exciton nonlinearity under relatively low-
density excitation (10’-10' cm™2). In addition, the ob-
served nonlinearity in the exciton luminescence is the
plus deviation from the linear dependence on the excita-
tion density, as described in Sec. III B. The nonlinearity
is considered to come from the bimolecular exciton for-
mation processes or the saturation of the nonradiative
traps. The latter can be omitted, because the quantum
yield observed in our sample is almost unity. Therefore,
we consider excitons formed by bimolecular processes to
interpret the nonlinearity observed in luminescence and
photocurrent.

Under sufficiently low-density excitation, an exciton is
formed from an electron-hole pair by monomolecular
processes. The population of such monomolecular exci-
tons is modulated at frequencies w; and w, in our experi-
mental condition. On the other hand, an exciton can be
formed from a pair of an electron and a hole by bimolec-
ular processes under the elevated excitation density. The
probability of bimolecular processes is proportional to
the square of the excitation density.!! Therefore,
supralinearity of exciton luminescence is considered to
come from the bimolecular exciton formation processes.
We call this exciton the bimolecular exciton (BE). If pair
dissociation or exciton mutual collision is present, the
population of BE’s is expected to increase. BE formation
contributes to w,+, and @, —®, components as well as
o, and ®, components of luminescence and photo-
current.!* However, we can detect the BE signal selec-
tively by measuring the o, +w, or ,—w, component, be-
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cause the w;+w, and o;—w, components sensitively
reflect the nonlinearity.

The detection of the nonlinear luminescence and pho-
tocurrent gives us the knowledge about the competition
between tunneling and relaxation, as described below.
The competition is schematically illustrated in Fig. 2.
When an electron-hole pair is dissolved from an exciton
by the electric field, it undergoes two processes, exciton
formation and tunneling. Then, the BE luminescence in-
tensity IpE is expressed by the branching ratios of two
processes, and described by

BE _ I/Tf

T = 1, e .

where I/Tf, 1/7, and n, denote the BE formation rate,
the electron tunneling rate, and the photoexcited density,
respectively. BE formation rate 1/7, is proportional to
the hole density, so that 1/7, is proportional to the exci-
tation density I,. On the other hand, 1/7, depends on
the electric field, but not on the excitation density.
Therefore, one obtains

B sz for 1/7, <<1/7f, (2a)
Iy for 1/7,>>1/7, . (2b)
An intuitive explanation of the power dependence is as
follows. Supposing the inequality 1/7, <<1/7 '+ holds, al-
most all photogenerated carriers form excitons. There-
fore, IBF is proportional to the excitation density. On the
other hand, if the inequality 1/7,>>1/7, holds, the pho-
togenerated carriers are likely to go through the tunnel-
ing process. Therefore, IBE is proportional to the square
of the excitation density. In the following, we briefly esti-
mate 1/7, and 1/7,.

FIG. 2. Schematic illustration of the competition between
tunneling and exciton formation.
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The electron-tunneling rate 1/7, was estimated by us-
ing a double-barrier transmission coefficient T, in the
Wentzel-Kramers-Brillouin (WKB) approximation.!>16
Here, we neglected the hole tunneling, because the hole
effective mass is much heavier than the electron effective
mass. We used the formula 1/7,=v,T,/2L,, where
2L, /v, corresponds to the classical period of the electron
motion in the quantum well, v, is the z component of the
electron velocity, and L, the well width. The result is
shown in the bottom parts of Figs. 4 and 5. In the calcu-
lation, we used the 57:43 band-gap split, corresponding to
the conduction-band discontinuity of 206 meV. We also
assumed the input electron kinetic energy as 55 meV in
order to fit the calculated value of resonant electric field
to the experimental one of 29 kV/cm.

To estimate the BE formation rate 1/7,, we used a
two-dimensional collision model for a rigid disk. An
electron tunneling to the next well moves along the layer,
collides with a hole, and forms an exciton. In this model
the BE formation rate is expressed by

1/7,=2n,apvy, Vo=v,~Vy , (3)

where ap and v, (v,) denote the exciton Bohr radius
(=13.6 nm) and electron (hole) velocity, respectively.
Here, the hole density is assumed to be equal to the elec-
tron density. If the electron-hole system is in thermal
equilibrium with the lattice, v; (i =e,h) corresponds to
the thermal velocity. In the presence of an electric field,
however, the carrier system is considered to be hot and v;
is assumed to be represented by (2eFd /m;)'"?, where d
and m; (i =e, h) denote one period of the superlattice and
the effective mass (m,=0.067m, for an electron and
mj, =0.34m, for a heavy hole), respectively.” This as-
sumption is wrong if the BE formation rate is smaller
than the hot-carrier cooling rate. However, the upper
limit of the BE formation rate is estimated in this way.
In the excitation condition (1), two beams are spacially
away from each other, so that BE formation rate 1/7 is
considered to be slower than that in excitation condition
(2). In this case, BE formation rate observed in the
o, +w, component is estimated by using the carrier den-
sity at the center position of two beams in the excitation
condition (1). We assumed the spatial carrier distribution
to have a Gaussian profile, because the laser beam has a
Gaussian profile.

B. Nonlinear luminescence and photocurrent

Photoluminescence spectra of the sample under the
external electric voltage are shown in Fig. 3, which is
similar to that already reported in Ref. 5. Figures 4 and
5 show the heavy-exciton luminescence intensity and
photocurrent as a function of external electric voltage un-
der the excitation conditions (1) and (2), respectively.
Here, the electric field F estimated by the Stark shift of
the heavy-exciton luminescence peak is shown as the up-
permost scale.>®> The top parts in Figs. 4 and 5 show o,
components of Ip; and Ipc versus V. Two steplike
changes are observed in the curves of Ip; and Ipc. The
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FIG. 3. Photoluminescence spectra of the sample under the
external electric voltage. The electric field F is estimated to be
4, 18, 28, and 53 kV/cm for the applied voltages +1.45, —2.0,
—5.0, and —8.5 V from the Stark shift of the heavy-exciton
luminescence. The peak L, indicated by a long arrow is the
heavy-exciton luminescence from the multiple-quantum-well
structures and the peak L, indicated by a short arrow is the
luminescence from the GaAs cap layer.
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FIG. 4. Heavy-exciton luminescence intensity and photo-
current observed in GaAs-Aly,0Gag 7;As multiple quantum
wells as a function of external electric voltage in the excitation
condition (1) (4 MHz, bad overlap) described in the text. The
upper parts represent o, component of Ip, (dashed line), Ipc
(solid line), and (Ipy +Ipc)/2 (dotted line). The middle parts
represent o, +w, component of Ip; . The bottom part is the cal-
culated result of BE formation rate 1/7, and the tunneling rate
1/7,. Dotted and dashed lines show 1/7, at 26 mW/cm? and
330 mW/cm? excitation, respectively. The solid line shows
1/7,.
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FIG. 5. Heavy-exciton luminescence intensity and photo-
current observed in GaAs-Alj,9Gag 7 As multiple quantum
wells as a function of external electric voltage in the excitation
condition (2) (4 MHz, good overlap) described in the text. The
upper parts represent @; component of Ip; (dashed line), Ipc
(solid line), and (Ipp +Ipc)/2 (dotted line). The middle parts
represent o, + @, component of Ip; . The bottom part is the cal-
culated result of BE formation rate 1/7, and the tunneling rate
1/7,. Dotted and dashed lines show 1/7, at 7.7 mW/cm? and
120 mW/cm? excitation, respectively. The solid line shows
1/7,.

steplike changes B (F=28 kV/cm) and 4 (F=8 kV/cm)
are identified to be electron sequential resonant tunneling
and exciton dissociation followed by electron tunneling,
respectively.>® Between two steplike changes there is a
plateau. With the increase of the excitation density, Ip,
increases supralinearly, while Ip. increases sublinearly at
the plateau region. Here, we note that the nonlinearity
for the excitation density is observed in the same electric
field F. Therefore, the nonlinearity cannot be explained
in terms of the field screening.!” If a constant multiplies
Ip; so as to equalize the maximum of Ip; to the max-
imum of Ipc, the sum of both signals is almost indepen-
dent of V,, as shown in Figs. 4 and 5. This means that
photocurrent behaves as a complement of luminescence.’
Taking account of the absorption and reflection of in-
cident light at the cap layer, the carrier number excited
in all the quantum wells is estimated to be 2 X103 s 7! in
the case of the right-hand side of Fig. S. The value cor-
responds to 3 pA. This agrees with the measured max-
imum of Ipc within an order of magnitude. This means
that almost all the photogenerated carriers contribute to
luminescence or photocurrent.

The middle parts of Figs. 4 and 5 show the w,+w,
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component of Ip;. Prominent structures C and D are
seen in the w,+w, component in both Figs. 4 and 5. A
structure E is seen in Fig. 5, while not in Fig. 4. In the
excitation condition (3), the w;+w, component of Ip;
shows almost the same profile as those in the excitation
condition (2) shown in Fig. 5. The w;+, component of
Iy has almost the same profile with Ip; , because the in-
crease of photoluminescence corresponds to decrease of
photocurrent in the o, +, component.” By moving the
optical delay, we can obtain the temporal information
about the w;+w, component. The w,+w, components
of I'p; and Ipc were found to change little within 3 ns of
the pulse separation.

The excitation-density dependences of structures C, D,
and E are different from one another. They depend on
the excitation conditions. Figures 6, 7, and 8 show the
excitation-density dependences of C, D, and E under the
conditions (1), (2), and (3), 1'espectively.17 In the excita-
tion condition (1), the intensity of C was found to be al-
most proportional to I, and that of D was found to be al-
most proportional to I2,.” Two asymptotic expressions
in Eq. (2) hold for C and D, respectively. In the excita-
tion condition (2), on the other hand, the excitation-
density dependences of each structure are more compli-
cated and do not follow the simple power law. The
excitation-density dependence of structures C, D, and E
in turn grows stronger. In the excitation condition (3),
the intensities of C and D are found to be almost propor-
tional to I.,. The excitation-density dependence of E is
similar to that in the excitation condition (2).

Now, we can explain the excitation-density .depen-
dences of the w, + w, signal by using the bimolecular exci-
ton model described in Sec. III A. In the excitation con-
dition (1), the carrier density contributing to the w,+w,
component is small enough, so that BE formation rate is
slower than the tunneling rate, as shown in the bottom
part of Fig. 4. Then, Eq. (2b) holds around the structure
D. In the excitation condition (2), the carrier density
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FIG. 6. Power dependences of the structure of C (solid cir-
cles) and D (solid squares) under the excitation condition (1).
Power dependences of C and D are expressed by Il;! and IL8,
respectively.
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tion condition (2).

contributing to the w; + @, component is large enough, so
that BE formation rate is comparable with the tunneling
rate under low-density excitation and faster than the tun-
neling rate under high-density excitation, except for the
case of the resonant tunneling. Then, Eq. (2b) no longer
holds around the structure D. In the resonant tunneling
case, BE is not formed as a result of the resonant
enhancement of the electron tunneling rate. Therefore
the dip between D and E in Fig. 5 arises.

In the excitation condition (3), the carrier density ex-
cited by one pulse is smaller than the excitation condi-
tions (1) and (2), but temporal as well as spatial overlap of
two beams was good, because the excitation pulse-
repetition rate is ten times larger than that in other two
conditions. Then, BE is formed from an electron (a hole)
generated by a pulse and a hole (an electron) generated by
the next pulse, so that BE formation rate 1/7, is con-
sidered to be faster than electron tunneling rate 1/7,
when the electric field is below 28 kV/cm. Therefore, the
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FIG. 8. Power dependences of the structure of C (solid cir-
cles), D (solid squares), and E (solid triangles) under the excita-
tion condition (3). Power dependences of C and D are expressed
by 1%°% and I}, respectively.
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intensities of C and D are proportional to I, in the case
of condition (3), following the Eq. (2a).

When the excitation density is high enough, the struc-
ture E is observed in the », and w,+w, components (see
the right part of Fig. 5). This implies that BE formation
rate is comparable to or faster than the tunneling rate at
F=42 kV/cm, as expected from the calculated results
(see the bottom parts of Figs. 4 and 5). Then, some BE’s
are formed at F=42 kV/cm, and the structure B in the
@, component makes a peak in the high-density excita-
tion. Under low-density excitation the BE formation rate
is much slower than the tunneling rate, so that the struc-
ture E is not observed.

We noted that BE formation also contributes »; and w,
components of Ip; and Ipc.'* In order to see this feature
more clearly, we define the critical electric field F, at
which the w; components of Ip; and Ipc are equal to
each other. The critical field F, depends on the excited
carrier density, as shown in Fig. 9. With the increase of
the excited carrier density, F increases like a step. Fur-
ther, the @, components of Ip; and I'pc at F, were found
to be proportional to the excitation density, independent
of the excitation conditions.

At the critical field F,, the electron tunneling process
equilibrates with the exciton formation process, so that
the ratio of the electron tunneling rate to the exciton for-
mation rate is considered to be constant. Therefore, it is
reasonable that @, components of Ip; and Iy at F, are
proportional to the excitation density, as is expected from
Eq. (1). The increase of F. as well as supralinearity of
Iy for the excitation density is explained by the forma-
tion of BE. When the excitation density is low, BE for-
mation is small. Then, it is considered that the once-
formed excitons do not dissociate and go through radia-
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FIG. 9. Critical field F, vs the excited carrier density. Solid
circles correspond to the excitation condition (1) (4 MHz, bad
overlap), open circles to the excitation condition (2) (4 MHz,
good overlap), and solid squares to the excitation condition (3)
(4 MHz, good overlap), respectively. Lines are guides for eyes.
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tive recombination below 10 kV/cm. On the other hand,
the higher the excitation density, the faster BE forma-
tion. Therefore, the high field is required in order to
equalize the carriers contributing to photocurrent to
those contributing to photoluminescence. The reason
why the F, does not increase beyond 20 kV/cm is as-
cribed to the resonant enhancement of 1/7,.

So far, we have explained the results of nonlinear
luminescence and photocurrent experiment in terms of
the BE model, but another possibility may exist. It is the
field-screening effect by the photoexcited carriers. If the
slight difference in the electric field between under irradi-
ation of two beams and under that of one beam exists, the
difference is reflected in the nonlinear component in
differential form as dIp/dFSF, where (P=PL,PC).
Here, F denotes the electric field and §F denotes the field
difference. The field difference was estimated experimen-
tally and quantitatively. As a result, it was found to be
smaller than that of our detection limit which is about 1
kV/cm. Thus we omitted the possibility. Anyway, it is
impossible to explain our results qualitatively and sys-
tematically in terms of the field screening.

C. Time-resolved luminescence

A time-resolved luminescence measurement also gives
us useful information about the competition between tun-
neling and relaxation.>” Figure 10 shows the results of
time-resolved heavy-exciton luminescence under the exci-
tation condition (2). When the electric field F is between
10 and 29 kV/cm, the temporal change of the heavy-
excition luminescence consists of two decay components.
The fast one decays in several hundred picoseconds, and
the slow one in several tens of nanoseconds, depending on
the electric field and excitation density. The slow com-
ponent is considered to be ascribed to the luminescence
of BE formed as a result of the repetitions of exciton dis-
sociation, electron tunneling, and exciton formation. In
fact, in the flat-band condition (V,,,=1.6%0.2 V) the
slow component is not seen. The results are consistent
with those of time-resolved nonlinear luminescence and
photocurrent experiment. Because of the slow decay due
to BE, nonlinear components of Ip; and Ipc change little
within 3 ns.

At the resonant field of F,=2.9X10* V/cm, where
electron sequential resonant tunneling occurs, the slow
decay component diminishes. This is because the elec-
tron tunneling rate is fast enough not to form BE’s as ex-
pected from the calculation shown in bottom parts of
Figs. 4 and 5. The same phenomena were also observed
consistently in the same sample by the time-resolved pho-
tocurrent measurement.? Above F,, the single long-decay
component is observed only under the relatively high-
density excitation ( >40 mW cm ™ 2). In this condition BE
luminescence alone is observed, because BE formation
rate is faster than the tunneling rate. On the other hand,
under the low-density excitation ( <10 mW cm™?) the ex-
citon luminescence is not seen above F,. This is because
BE formation rate is much slower than the tunneling

4001

10° T T I I I

46 mW/cm?
4.2K

10?2
10

1

Photoluminescence (arb. units)

107!

1072

) LI T 1 | 1
) 10 20 30 40 50

TIME DELAY (ns)

FIG. 10. Temporal profile of the heavy-exciton luminescence
obtained by time-correlated single-photon counting. The es-
timated electric fields in the multiple quantum wells are 0, 22,
28, 42 kV/cm for the applied voltages of 1.4, —3.2, —6.1, —8.8
V, respectively.

rate. These time-resolved results are consistent with the
results obtained by the nonlinear luminescence and pho-
tocurrent spectroscopy.

IV. CONCLUSIONS

We investigated the competition between tunneling
and relaxation of photogenerated carriers in GaAs-
Al 59Gay 7,As multiple quantum wells in a perpendicular
electric field by using nonlinear luminescence and photo-
current and time-correlated single-photon counting. We
considered an exciton formed by the bimolecular process-
es to explain the results. BE gives the characteristic
features observed in the nonlinear luminescence and pho-
tocurrent. It also gives the slow-decay component to the
heavy-exciton time-resolved luminescence. The slow-
decay component diminishes at the condition of the
sequential resonant tunneling because the electron-
tunneling rate is overwhelmingly faster than the exciton
formation rate. The change of nonlinear luminescence
and photocurrent as a function of the excitation density
is explained in terms of the competition between tunnel-
ing and relaxation. The time-resolved results are also ex-
plained consistently in terms of the competition between
tunneling and relaxation.
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ponents as well as @, +®, and @, — @, components to photo-
luminescence and photocurrent. BE population is represented
by the product of electron and hole densities. In our experi-
ment, the electron and hole densities are modulated at fre-
quencies @, and w,. If we take account of up to the second
term in Fourier components, the temporal change of both the
densities are approximately expressed by n,(1+cosw;t)
+n,(1+cosw,t), because the modulation has the form of an
on-off wave. Here, n; (i=1,2) represents the carrier density
excited by w; light. As a result, the product of electron and
hole densities gives the w,, w,, 20, 20,, @, +®,, and v, —w,
components.
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1"Here, we note that 1/7, depends on the overlap of two beams
and the excitation density and that the change of the 1/7,
varies all of the w,, ®,;, ®; +,, and ®; —w, components. The
o, and w, components do not seriously depend on the overlap
of the two beams, while ®,+®, and @, — @, components seri-
ously depend on it. This is because the w,+w, and w,—w,
components selectively reflect the BE that is formed by an
electron (a hole) excited by one beam and a hole (an electron)
excited by another.



