PHYSICAL REVIEW B

VOLUME 45, NUMBER 3

Enhancement of electron-hole pair mobilities in thin GaAs/Al,  Ga,;_, As quantum wells
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We have investigated the lateral transport of excitons and free carriers in thin GaAs/Al,Ga,_,As
quantum wells over a wide temperature range, between 10 and 230 K. For all temperatures we observe
an increase of the ambipolar diffusivities with increasing well widths. According to different transport
phenomena, the entire temperature range can be divided into three parts. For 40 <T <180 K, we obtain
an isothermal diffusion for the lateral motion of excitons. The experimental data can quantitatively be
explained by the contributions of different scattering mechanisms: interface-roughness, barrier-
disorder-alloy, acoustic-deformation-potential, and polar-optical-phonon scattering. Raising the tem-
perature in the range 180 < T <230 K, we find an unexpected increase of the diffusivities for small well
widths (below 5 nm). This can be described by the thermal dissociation of excitons into free carriers re-
vealing higher diffusivities. For decreasing temperatures in the range 10< 7T <40 K, we observed con-
siderably enhanced diffusivities in thin quantum wells. We attribute this to locally elevated phonon pop-
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ulations or temperature gradients in the optically excited sample volume.

Carrier transport studies probing the carrier motion by
time-of-flight (TOF) arrangements require high spatial
and temporal resolution. In vertical TOF experiments a
high spatial resolution can be obtained by using specific
probe layers, e.g., quantum wells"? (QW’s) embedded in
the sample structure. The transport distance can be ei-
ther determined by two different QW’s (Ref. 1) or by the
sample surface and a single QW.>! In high-resolution la-
teral TOF studies the flight distance can be defined by
opaque masks with transparent windows® or holes *~’
which are placed on the semiconductor surface.

In this paper the lateral motion of ambipolar carrier
systems (excitons and free carrier pairs) is studied over a
wide temperature range (10-230 K). Within this range
we emphasize the study of carrier mobilities and
diffusivities at low and high temperatures. Compared to
theoretical predictions uniquely based on a single carrier
species, a uniform lattice temperature and different
scattering mechanisms, the experimental data at low and
high temperatures yield considerably larger values. In
the high-temperature range this diffusivity increase is
found to be most probably due to thermal dissociation of
excitons into free carrier pairs. At low temperatures the
unexpected large diffusivities are related to nonequilibri-
um effects in the electronic and lattice system.

As described elsewhere,* ™’
tion was used for the experiments. The masks contain
circular areas (holes) which are transparent for both the
laser excitation light and the luminescence of the QW’s.
We used a hole radius of 2 um which is comparable to
the carrier diffusion length. By short dye laser pulses
(~ 8 ps) carrier pairs were generated in the QW inside the

45

a sample-mask combina- .

hole defined by the mask. For relatively low carrier den-
sities the radiative recombination is proportional to the
carrier concentration and is used to probe the lateral car-
rier motion in different QW’s. Recording the QW emis-
sion as a function of time, the evolution of the carrier
concentration in the hole area can be observed. Carriers
under opaque parts of the mask during their lifetime do
not contribute to the detectable emission. Therefore, the
time-resolved emission from the hole area includes infor-
mation about important transport properties like the
diffusivity and the mobility. These quantities can be
determined by the evaluation of the measured temporal
intensity variation as a function of both temperature and
well width. For the experiments the samples are mount-
ed in a variable-temperature Dewar (10-300 K). The
emission is dispersed by a double monochromator,
detected by a fast microchannel plate photomultiplier,
and processed by a photon-counting system (total time
resolution ~50 ps). A detailed description of our TOF
method and the experimental setup is given in Ref. 5.

The radiative emission of the n =1 transition in the
QW’s as a function of time shows a fast increase within
several ps and a considerably longer decay. By using our
TOF configuration the temporal variation of the emission
intensity includes information about the carrier lifetime
and the diffusivity (for details see, e.g., Ref. 5). These
time-resolved luminescence profiles are recorded first
without mask to determine the exciton lifetime as a func-
tion of QW width and temperature. In these studies the
emission decay is determined only by the carrier lifetime.
Second, using masks of 2-um-hole radius the decay of the
recorded emission is considerably shortened compared to
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simple lifetime measurements, since in addition to recom-
bination the decay is strongly enhanced by carrier trans-
port under masked sample parts. The faster the lateral
carrier motion, the more carriers can reach covered sam-
ple parts and the larger the difference in the decay be-
tween the emission profiles detected with and without
masks.>’ To evaluate the experimental profiles we use
the two-dimensional (2D) diffusion equation which con-
tains the diffusivity D and a linear recombination term
characterized by the radiative lifetime 7:

dc
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2, e
ax?  dy?

< (1)

T

This equation is solved numerically with respect to the
initial condition. The diffusivity is the only free parame-
ter in this equation since the lifetime is measured sepa-
rately without mask coverage.

By fitting the theoretical profiles to the experimental
curves we are able to precisely determine the diffusivity
as a function of temperature and well width.*® In the
temperature range between 40 and 180 K the experimen-
tal profiles can perfectly be described by the theory based
on the diffusion equation demonstrating the isothermal
lateral carrier diffusion. For low carrier densities the am-
bipolar carrier system is almost entirely in the excitonic
phase in this temperature range.

The diffusivities obtained for a GaAs/Alj ;,Gag ¢;As
sample containing QW’s of L,=1.5, 2.5, 5, and 10 nm
well width are depicted in Fig. 1 as a function of tempera-
ture. We observe a strong dependence of the diffusivities
on temperature, increasing up to about 100 K and de-
creasing again at higher temperatures. A strong depen-
dence on well width is found in addition to this tempera-
ture dependence. With increasing L, the diffusivities
considerably rise over the entire temperature range which
is found to be strongest for low temperatures. The shape
(slopes, widths) and the shift of the maximum of the
D(T,L,) data is governed by the interaction of various
scattering mechanisms which have a different dependence
on well width and temperature. The shift of the max-
imum is mainly due to the interaction of acoustic-
deformation-potential scattering, barrier-alloy-disorder
scattering, and polar-optical-phonon scattering. A simi-
lar variation of the diffusivities D(T,L,) was also ob-
tained in samples with an aluminum content of 0.3, 0.5,
and 1.0. For a given aluminum mole fraction we found
no overcrossing of the D (T) profiles for different L,.

For the low exciton densities considered here the
diffusivities D(L,,T) can be converted into mobilities
u(L,,T) using the Einstein relation u(L,,T)
=D(L,,T)e/(kT). For 80T <180 K the variation
with temperature and well width can quantitatively be
described in our calculations by barrier-alloy-disorder
scattering and acoustic-deformation-potential scattering.
For T > 180 K polar-optical-phonon scattering also con-
tributes and dominates the mobilities for increasing tem-
perature. The discussion of the contribution of the
different scattering mechanisms will be the subject of a
forthcoming publication.

In the low-temperature region (40 < T <80 K) the ob-
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served strong well-width dependence quantitatively can
be attributed to efficient interface-roughness scatter-
ing.® 71 Our interface roughness model used for the
characterization of the interface morphology contains
two variable parameters: an average terrace height and
an average terrace length. Since the interface roughness
strongly influences both lateral mobilities and linewidths
of photoluminescence spectra, the average terrace length
and height simultaneously have to describe the experi-
mental mobility and linewidth data for all temperatures.
For T=10 K and QW widths of L,=1.5, 2.5, 5, and 10
nm, we have observed linewidths of 6.2, 2, 1, and 0.9
meV, respectively. For a given QW width we have varied
the average length and height in our model to obtain the
best description of all experimental data by curve fitting.
In the low temperature range interface-roughness scatter-
ing dominates, but acoustic-deformation-potential
scattering and barrier-alloy-disorder scattering also con-
tribute and have to be considered if the experimental mo-
bility data are used to determine the parameters included
in our interface-roughness model. Thus, according to
Matthiessen’s rule the inverse experimental mobility
([Je,q,t)—l has to be approximated by the sum of the in-
verse mobilities of interface-roughness scattering (ir),
acoustic-deformation-potential  scattering (ac) and
barrier-alloy-disorder scattering (bal):
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FIG. 1. Diffusivities of two-dimensional excitons determined
by the method of transparent hole area as a function of temper-
ature for different well widths. The solid lines are drawn to
guide the eye.
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From the formula given in Ref. 5 the mobilities u,, and
Upg can be calculated. Thus, we determine the mobility
u;; from Eq. (2) in the low-temperature range and fit this
quantity by calculations based on our interface-roughness
model. For the sample with an aluminum content of 0.37
we obtain an average step height of one monolayer for all
QW widths and an average terrace length increasing from
2 to 8 nm for L, rising from 1.5 to 10 nm, respectively.
These values are comparable to those reported in Refs.
8-10. However, the increase of the average terrace
length with rising well width is an interesting new result
which we also found in samples having an aluminum con-
tent of 0.3 and 0.5. Note that in our calculation the vari-
ation of the interface-roughness scattering with tempera-
ture is included. In contrast, this temperature depen-
dence was neglected in the calculations of Refs. 8 and 9
since these experiments were performed at helium tem-
peratures, which justifies the use of the Fermi distribu-
tions of T =0.

The terrace sizes obtained by the evaluation of mobility
data and photoluminescence linewidths are further con-
sistent with the single emission lines observed for each
QW in the photoluminescence spectra. Since the lateral
extension of the excitons is larger than the terrace
lengths, the exciton averages over details in the interface
morphology within a lateral area roughly defined by the
exciton extension. This causes the observed interface-
roughness broadening of the emission lines in the spectra.
In contrast sharp photoluminescence lines emitted from
QW areas having pseudomonolayer flat interface islands
can be observed if the size of the island by far exceeds the
lateral exciton extensions.'!’

In the following we study more complicated transport
phenomena. In the low-temperature range (10<7 <40
K) our model will approximate exciton diffusion and
nonequilibrium effects in the carrier and phonon system.
In the high-temperature range (180<7 <230 K) our
model will yield diffusivities averaged over the contribu-
tion of two different particle species (excitons and free
carriers).

For a single particle species with a given effective mass
and a carrier temperature close to the uniform lattice
temperature the sum of different scattering mechanisms
according to Matthiessen’s rule predicts a mobility or the
diffusivity decreasing monotonically with increasing tem-
perature. However, for small well widths and 7> 160 K
our studies provide a different behavior which is depicted
in Fig. 2. The experimentally obtained curvature
(8D /3T?) >0 and the reincrease for T > 160 K indicates
that the transport cannot entirely be described within the
model of isothermal diffusion of excitons with the above
scattering mechanisms. We have obtained a similar re-
sult in growth interrupted thin QW’s. The unexpected
increase of the diffusivity starts at temperatures where
the thermal energy (k7) reaches the magnitude of the ex-
citon binding energy. Therefore, we presume that the in-
crease of the diffusivity with rising temperature probably
indicates the growing dissociation rate of excitons into
free carriers. This qualitative estimate will be confirmed
below by a more quantitative description.

According to our calculation for acoustic-

deformation-potential scattering, we obtain for free car-
riers a less efficient scattering compared to excitons.’
Hence, excitons are less mobile than free carriers, if
acoustic-deformation-potential  scattering dominates.
With rising temperature the exciton concentration de-
creases due to thermal dissociation of excitons and the
free carrier concentration accordingly increases. Thus,
the increase of the diffusivities is most probably due to
the phase transition between the excitons and free car-
riers revealing different mobilities. We have demonstrat-
ed in Ref. 5 that acoustic-deformation-potential scatter-
ing limited mobility is proportional to L, /T for 2D exci-
tons and free carrier pairs. However, the absolute values
of free carrier pairs exceed those of excitons by more
than one order of magnitude.’

Figure 3 compares model calculations with the mea-
sured diffusivities (symbols) for L,=1.5 nm and L,=2.5
nm in the left- and right-hand parts of the diagram, re-
spectively. In the lower temperature range of the dia-
gram the majority of the carriers will be excitons. Hence,
the excitonic acoustic-deformation-potential limited
diffusivity (ac, exc., full line) will dominate the scattering
process by acoustic phonons. In contrast, in the high-
temperature range of the diagram the number of free car-
riers considerably increase. Thus, at higher temperatures
the ambipolar acoustic-deformation potential limited
diffusivity (ac, amb., solid line) is expected to dominate

the scattering process by acoustic phonons. Further-
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FIG. 2. Experimental diffusivities for higher temperatures
given for two different well widths as a function of temperature.
The solid lines are drawn to guide the eye.
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FIG. 3. Diffusivities for high temperatures together with different theoretical approaches (solid and broken lines). The broken line
indicates the temperature variation of the diffusivities limited by barrier-alloy-disorder scattering (bal). The diffusivity limited by
acoustic-deformation-potential scattering (solid lines) is calculated for excitons (ac, exc.) and free ambipolar carriers (ac, amb.). The
left and right parts of the diagram depict the results for well widths of 1.5 and 2.5 nm, respectively.

more, the contribution of the well-width dependent
barrier-alloy-disorder scattering® (broken line) is included
in both diagrams. Since the acoustic-deformation-
potential scattering limited mobilities are proportional to
L, /T, the respective diffusivities are independent of tem-
perature, according to the Einstein relation, as indicated
in Fig. 3. The absolute values of the different scattering
contributions as well as their variation with temperature
indicate that the dissociation of excitons into free carriers
most probably is responsible for the increase of the
diffusivities observed in the experiment.

Since the contributions of further scattering mecha-
nisms such as polar-optical-phonon scattering show a
much weaker dependence on well width, the absolute
change in the diffusivity is strongest for small
diffusivities, i.e., small well widths where the acoustic-
deformation-potential scattering dominates (see Fig. 3
and Ref. 5). Thus, for larger well widths (e.g., * 5 nm)
we observe no increase in the diffusivities with rising tem-
perature for 7 > 160 K. In this case the exciton dissocia-
tion will not significantly influence the diffusivities via the
change in the deformation-potential scattering rate. This
experimental observation is a further proof for our inter-
pretation that the increase of the diffusivities at higher
temperatures is due to exciton dissociation.

Using a system of rate equations to determine the vari-
ation of exciton and free electron-hole pair concentra-
tions with temperature we can calculate the change of the
measured diffusivity with temperature. In this model ex-

citon dissociation into free carrier pairs, exciton forma-
tion from free carriers, exciton recombination, free car-
rier pair recombination, and interface recombination are
taken into account. The considered scattering mecha-
nisms are acoustic-deformation-potential scattering,
barrier-alloy-disorder scattering, and polar-optical-
phonon scattering. These model calculations including
no free parameters yield a good agreement with the mea-
sured variation of the diffusivity with temperature (Fig. 2)
and will be published elsewhere. This calculation is an
improvement of the preliminary theoretical description
shown in Fig. 3. A comparison in this temperature range
between samples grown under continuous and interrupt-
ed growth conditions will also be the subject of a forth-
coming publication.

In addition to the high-temperature range we observe
in our experiment an unexpected temperature variation
of the diffusivities also below 40 K. According to Fig. 4
the diffusivities again increase with decreasing tempera-
ture for T <40 K and we obtain (32D /3T%)> 0 also in
this temperature range. Hence, the description of the la-
teral motion seems to be incomplete and the evaluation
by our model is an approximation in this temperature
range.

In the low-temperature region a quantitative descrip-
tion of the diffusivity increase with decreasing tempera-
ture is currently not available. The unexpected tempera-
ture variation of the diffusivity might be due to the fol-
lowing reasons: Since the carriers are optically generated
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FIG. 4. Experimental diffusivities for low temperatures given for three different well widths as a function of temperature. The

solid lines are drawn to guide the eye.

at relatively high excess energies the carrier relaxation
and thus phonon emission will lead to an energy transfer
from the carrier system to the lattice inside the genera-
tion volume. The transferred energy per scm? is nearly
independent of the lattice temperature and may lead to a
small but noticeable increase in the lattice temperature
inside the generation volume. This will result in tempera-
ture gradients in the 2D layer in radial directions. In ad-
dition to the exciton diffusion due to the lateral carrier
density gradient a small contribution of thermodiffusion'?
may thus be possible. In addition to thermodiffusion the
observed reincrease in the diffusivities may also be
influenced by ballistic parts in the lateral transport.
Immediately after the optical excitation optical pho-
nons are generated by the carrier energy relaxation. This
provides a nonequilibrium population of optical phonon
modes'® during a short time interval.'* After a short time
the optical phonons decay into acoustic phonons.'> How-
ever, due to the phonon dispersion relation acoustic pho-
nons have considerably high group velocities, i.e., they
are much less localized compared to optical phonons.
Therefore, the localized generation of optical phonons in-
directly leads to a directed motion of acoustic phonons in
radial direction. In 3D systems this phenomenon is
called “phonon wind”” !¢~ !® which may push the excitons
in addition to the diffusion. In this case the acoustic pho-
nons interact with the excitons via the deformation po-
tential and mainly exchange momentum. Such an effect
may also exist in 2D carrier systems and may be partly
responsible for the observed enhanced low-temperature
diffusivities in our studies. An increase in the diffusivity
with decreasing temperature was reported in the temper-

ature range between 12 and 25 K, for electron-hole plas-
ma in GaAs/Al,Ga,_,As QW structures'® and referred
to phonon wind. Increasing the laser power we obtain
higher diffusivities in the evaluation of our transport ex-
periments. All processes referred in this paragraph (ex-
cept the possible ballistic contribution) are consistent
with this observed dependence on laser power.

Since in our QW samples the exciton extension exceeds
typical interface roughness terrace lengths (see above) the
QW emission lines will not shift energetically during the
exciton lifetimes. In contrast, in samples which have a
larger scale interface roughness (more extended terraces
or islands)’ a carrier diffusion and relaxation into these is-
lands may cause a shift of the whole QW emission lines to
lower energies during the exciton lifetime at low tempera-
tures.!” Due to the short terrace lengths (A~2 nm for
L,=1.5 nm and A~2.6 nm for L,=2.5 nm) we believe
that such processes cannot cause the strong increase of
the diffusivities at low temperatures.

As shown in Figs. 1, 2, and 4 we obtain for all tempera-
tures an increase in the diffusivities with increasing well
width. Remarkably no overcrossing between D (T)
curves of different well widths occurs in the total temper-
ature range between 10 and 230 K despite numerous
points of inflexion.

In addition to the results of GaAs QW’s discussed
here, we also observed enhanced mobilities for low tem-
peratures in Ing 53Gag 4;As/InP QW’s. The mobilities
strongly increase with decreasing temperature for
10<T <30 K. Similar to the GaAs case locally elevated
phonon population, directed acoustic-phonon motion, or
temperature gradients may be responsible for the ob-
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served behavior in this material system.

In conclusion, we have observed an increase in the am-
bipolar diffusivities with rising well widths in the entire
studied temperature range of 10< T <230 K. No over-
crossing between the variations of the diffusivities with
varying temperature occurs for different well widths. Ac-
cording to our results we have divided the entire temper-
ature range into three parts revealing different transport
behavior. (i) For 40<T <180 K the experimental data
can be quantitatively explained by different scattering
mechanisms (interface-roughness, barrier-disorder-alloy,
acoustic-deformation-potential, and polar-optical-phonon
scattering). (ii) 180 < T <230 K: with rising temperature
we observe an unexpected reincrease in the diffusivities
for small well widths (below 5 nm). This can quantita-
tively be described by the growing thermal dissociation of
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excitons into free carriers. (iii) 10< T <40 K: for de-
creasing temperatures we found a growing dif-
fusivity in thin GaAs/Al,Ga, ,As and In,_,Ga,As/
InP QW’s. This effect may be due to locally enhanced
phonon population, or temperature gradients may be re-
sponsible.
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