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We present a detailed experimental and theoretical study of vertical ambipolar transport in semi-

conductor heterostructures. A high-resolution time-of-Aight method using two vertically separated
quantum wells of different well widths is applied to probe the carrier transport perpendicular to the
heterointerfaces. By a numerical simulation the ambipolar diffusivities as well as surface and inter-
face recombination velocities in GaAs/Al Ga& As structures are determined. This paper em-

phasizes the importance of surface and interface recombination for the analysis of the transport
data. Alloy-disorder scattering is found to limit the ambipolar mobilities between 40 and 120 K in

the Alo 5Gao, As barriers with acoustic-deformation-potential and polar-optical scattering partici-
pating above 120 K. In addition to the transport properties, we also obtain information on carrier
capture from the barrier layers into the quantum well as a function of temperature.

I. INTRODUCTION

Studies of carrier transport perpendicular to heteroin-
terfaces have attracted considerable interest due to the
related physics and their device application. Various ex-
perimental methods have been used: Carrier pairs have
been generated by short laser pulses at one interface of a
graded hetero structure and the carrier-induced
reAectivity change at the opposite interface of the grading
has been studied. ' To determine electron and hole mobil-
ities in superlattices (SL s), heterostructure transistors in-
cluding a SL base were investigated. Carrier separation
at p-n junction was used to probe minority-carrier
diffusion and to determine diffusion lengths. The
methods reported in Refs. 1 and 3 illustrate typical time-
of-Aight arrangements in which the position where the
carriers are generated is spatially separated from a posi-
tion inside the sample, where the carriers are probed after
traveling across the Aight distance.

In order to improve the spatial resolution in vertical
time-of-tlight (TOF) studies, ultrathin probe layers, e.g. ,
quantum wells ' (QW's) with specific spectral behavior
have been integrated in the structures at the end of the
studied transport distance. Ambipolar carrier transport
was studied in GaAs/Al„oa, As (Ref. 5) and
In&, Ga„As/InP (Ref. 7) using our TOF method by
time-resolved spectroscopy. An enlarged well terminat-
ing an SL sequence was used to investigate ambipolar
perpendicular transport in graded GaAs/Al Gai „As
SL's by time-resolved ' ' and time-integrated ' spec-
troscopy. However, in all these studies ' including
ours the inhuence on transport by the QW's used for

probing the carrier motion is more or less neglected. In
order to fit our experimental profiles in Ref. 5, e.g. , we
phenomenologically introduced an "expansion velocity"
via a drift term in the diffusion equation. From the eval-
uation presented here this velocity is a rough approxima-
tion to the surface and interface inhuence in heterostruc-
tures. Previously, the inAuence of boundary conditions
was studied theoretically in a kinetic and hydrodynamic
approach. "

If, e.g., surface recombination is neglected for surface-
generated carriers the maximum of the concentration
profile is located at the surface for all times. Using a
finite surface recombination velocity, the carrier concen-
tration is reduced at the surface, which causes a shift of
the profile maximum into the sample. An "expansion ve-
locity" also shifts the concentration maximum from the
surface into the bulk and also effectively reduces the car-
rier lifetime inside the system. From a theoretical point
of view, however, there are important differences since
the concentration maximum does not move with a con-
stant velocity.

Theoretical studies concerning the process of carrier
capture by a QW have been performed using different mi-
croscopic models, e.g. , emission of optical phonons'
or electron-electron scattering, ' either using initial states
which are unperturbed by the presence of the QW (Refs.
16 and 18) or taking into account quantum-mechanical
resonances due to virtual bound states in the continu-
um. ' ' ' Experimentally, the capture has been studied
in separate confinement heterostructures with graded
barriers of different shape ' 2 as well as in QW's with
ungraded barriers. ' ' ' '
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In this paper we report experimental and theoretical
studies of vertical transport in GaAs/AI„Ga& „As het-
erostructures in which the surface and interface inAuence
has been taken into account in detail. The basic features
of our TOF method are described below and were pub-
lished previously. The analysis of the experimental re-
sults is performed by an ambipolar diffusion model. Im-
portant improvements in the evaluation of the transport
profiles now allow us to study a large number of physical
properties relevant to the transport. Besides the deter-
mination of diffusivities in the three-dimensional hetero-
structure barrier layer, surface recombination velocities
and interface trapping velocities are obtained. Further-
more, our method provides insight in the trapping of car-
riers in QW's.

II. SAMPLE DESIGN AND EXPERIMENTAL SETUP
FOR VERTICAL TRANSPORT STUDIES
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Figure 1 schematically displays the design of our QW
heterostructures along the growth direction (z direction).
Two GaAs QW's (QW1 and QW2) with different well
widths L„and L,2 are located between Alo ~Gao 5As bar-

riers of various widths d „d2, and d3. In the lower part
of the diagram the band structure E(z) is shown. Since
the widths L, &

and L,2 are much smaller than the barrier
widths d&, dz, and d3 (see Table I), the extension of the
QW's can be neglected for the transport in the barrier re-
gions. Effectively, the QW s act as two-dimensional in-
terfaces with bound localized interface states.

To limit the generation of carrier pairs mainly to the
first barrier (absorption layer d, ) we use high-energetic
excitation (2.41 eV). The absorption coefficient for
Alo &Ga05As is about 33000 cm ' for this energy at
T=100 K, ' which yields an absorption depth of ap-
proximately 300 nm. To obtain a one-dimensional trans-
port geometry, a laser focus diameter much larger than
the sum of all barrier thicknesses d, is used. In Fig. 1 the
lateral carrier cloud appearing immediately after the op-
.tical generation is schematically shown (dots). Some of
the carrier pairs that reach QW1 are captured and indi-
cate their position by the characteristic radiative emis-
sion of the well. In a similar way, the emission of QW2
indicates when carrier pairs have reached QW2. The
different emission energies of the QW's are illustrated in
Fig. 1 by different wavelengths of the emissions. QW1 is
reached much earlier by the main part of the carriers
than QW2 and has a lower emission energy than QW2
(L„)L,2). This prevents a reabsorption of the emitted
photons by QW2 (photon recycling).

The total number of carriers that reach QW2 is expect-
ed to be smaller than the number of carriers at QW1.
Furthermore, we have chosen L„)L,2 which in general
may lead to a smaller capture rate for QW2. We there-
fore expect a reduced emission intensity of QW2 com-
pared to QW1. In order to increase the emission intensi-
ty and the detection sensitivity of QW2, we used two sin-
gle QW's of identical thickness of 4.2 nm separated by a
2-nm Al Gai As barrier in all structures. In order to
simplify the description in this paper, QW2 always
represents these two QW's. Note that we obtain a total
thickness of QW2 which is comparable to the well width
of the single QW1 in this case.

We investigated the excitation power dependence of

hv2
TABLE I. Growth parameters of the as-grown samples (Nos.

1 —3) and the etched samples verified by electron micrographs,
SIMS profiles, and surface profiling. All units are in nm.

VB

Z.1 Z.2

FIG. 1. Design of samples used for vertical time-of-Aight
studies. Top: schematic design of the samples in the x-z plane.
The x direction is compressed by more than a factor of 100.
Bottom: band structure along the z direction. The characteris-
tic features are two quantum wells (QW's) of different
thicknesses acting as probe layers. The arrows indicate the laser
excitation and the carrier diffusion.

Sample No.

1

la
1b
1c
1d
le
2

2a
2b
2c
2d
3

940
900

940
900

940

Lzl

10
10

9.5
9.5

10

2830
2830
2761
2610
2551
1513
940
940
900
851
676
470

Lz2

4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2

d3

960
960
960
960
960
960
960
960
960
960
960
960
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profiles which then appear in sequence for longer times
are recorded for the samples No. 2 (L2=d, +d2=1.9
pm), No. lc (L2 =dz =2.61 pm), and No. 1

(L2=d, +d2=3.79 pm). The QW2 profiles of samples
Nos. 1 and 2 also include the inhuence of the carrier trap-
ping in QW1 which is located near the surface of the
sample. This effect as well as the inhuence of surface
recombination and the trapping of carriers by the sub-
strate is considered in an ambipolar diffusion model
presented below.

IV. THEORETICAL MODEL
OF VERTICAL TRANSPORT

As can be seen from Figs. 3—6, the typical time scale
for the transport in our structures is in the order of a few
ns. This is much larger than the energy relaxation time
of the photoexcited carriers in the barrier regions.
Therefore, the inAuence of temperature gradients on the
carrier transport can be neglected and a simple iso-
thermal diffusion model is sufficient to describe the sys-
tem. Furthermore, due to the strong electrostatic forces
between the electrons and holes, the carrier pairs can be
described as an effective one-component system and the
ambipolar approximation can be used. Hence, we de-
scribe the evolution of the carrier concentration by the
one-dimensional continuity equation including a
diffusion, a recombination, and a generation term:

Bc B~c

Bt Bz~
+g(z, t) .

t X41n2
g(z, t)=goexp — exp( —az) .

Equation (1) describes the transport in the barrier ma-
terial. Additionally, the properties of the surfaces and in-
terfaces have to be considered. In many materials the
probability of recombination is strongly enhanced at a
surface. " This can be described by a surface recom-
bination velocity s which relates the particle current den-
sity j to the carrier concentration c at the surface. In our
samples, the interface between the third barrier d3 and
the substrate also acts as a surface since, due to the large
band-gap discontinuities, no carrier can return from the
substrate to the barrier region. Therefore, we have the
two boundary conditions at the front surface,

D denotes the diffusivity and ~b the lifetime of the car-
riers in the barrier. Since the aluminum content in the
barrier material is 0.5, the band structure is indirect in k
space. Thus, a carrier recombination in the barriers re-
quires phonon assistance. This causes a carrier lifetime
~b in the ps range. Hence, on the time scales considered
here, the recombination term in Eq. (1) can be neglected.
The term g (z, t) describes the generation of the carriers
by the laser pulse. We use a Gaussian shape in time with
a full width at half maximum (FWHM) of b,r. For the
spatial distribution we assume an exponential profile in-
side the sample caused by the characteristic absorption of
the light described by the absorption coefficient a.
Choosing z= 0 at the sample surface we have

Bcj = —D = —soc for z=0,
az

(3)

and for the interface between the third barrier d3 and the
substrate using L for the total barrier thickness
d~ +Lz(+d2+Lz2+d3,

Bc +sLc for z =L
az

(4)

The consideration of the interface influence, i.e., the
QW's in our structures, is more complicated. Since a
fraction of the carriers is trapped into the QW's, the
current densities on both sides in general will be different
and each of the current densities j' and j"will depend on
both carrier concentrations c' and c", where I (II)
denotes the value of the left- (right-) hand side of the in-
terface. These current densities are given by the sum of
diffusion and field currents. Since we consider an ambi-
polar system, the field current vanishes in our case. Us-
ing a linear relation between the current densities and the
concentrations as in the case of surface recombination,
we find that an interface can be described in general by
four coefficients with the dimension of a velocity. For
symmetry reasons due to identical barrier heights on both
sides of the QW's in our case, the four coefficients reduce
to two (the interface velocities s„and s~ ). The interface
conditions are

~ I Bc
J = D =+s c s cI II

B (5)

~ II Bc= —D =+s c —s cI II
a. (6)

In order to understand the meaning of these velocities, let
us consider some properties of Eqs. (5) and (6).

The difference between the current densities on the
left- and right-hand side of the QW is given by

~ I ~ n —
( )( I+ n) (7)

This difference describes the carriers that are captured
by the QW. The velocity sz —s~ can be interpreted as in
"interface recombination velocity, " analogous to the sur-
face recombination velocity.

The velocity sz is responsible for the coupling between
both sides. s~=0 corresponds to totally decoupled re-
gions and Eqs. (5) and (6) reduce to the boundary condi-
tions at the surfaces [see Eqs. (3) and (4)]. Finally, the
limiting case s„=s~ with sz, s~ —+ ao leads to the condi-
tion c'=c' and j'=j ' if the inhuence of the interface
(here a QW) vanishes and the transport is purely bulklike.

In the following, the influence of QW's on the carrier
motion in the barriers near a QW will be visualized. If
the carriers move perpendicular to the heterointerface,
some carriers are reAected, others are transmitted
through the layer, and the rest is captured by the well.
The transmission and reAection problem can be treated
by quantum mechanics in a way very similar to the text-
book problem of a "particle at a potential barrier. " Since
the carriers can move in positive and negative directions
in this case, the problem has to include the formulation
for both directions.
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R (k)+T(k)+C(k)=1 .

Using these probabilities (and Fig. 7), the current densi-
ties can be formulated in the different areas for both

J

assPiP

ef lection )
II

transmission

reflection

izzzzzzzzuzzzzzzz~. ::::::wzzxzzzzzzzzzzzzÃ
j

P

11111'.

FICs. 7. Schematic design of our model used for the descrip-
tion of the influence of quantum wells on carrier transport in
the barrier material. The boundary conditions are illustrated in
this example for the electron potential well. Bottom:
conduction-band structure; top: corresponding current densi-
ties.

In Fig. 7 this is illustrated in the hydrodynamic ap-
proach for the electron potential well. The particle
currents are indicated by arrows. The current density in
each half-space is described by a part j which contains
all carrier pairs moving in positive z direction and a part
j which describes all carriers moving in the opposite
direction. The current density in II which is directed in
the positive z direction (j" ) is the sum of, first, the
transmitted part of the total current in I initially moving
in the positive z direction and of, second, the reAected
part of the total current in II which Aows in the negative
z direction. For the current j' moving in I to the left we
can formulate a similar equation. The difference between
these currents and the appropriate initial currents is cap-
tured by the considered QW.

On a microscopic level the behavior of a carrier pair
with wave vector k at an interface is determined by a set
of probabilities: the probability of transmission from one
side to the other T(k), the probability of refiection into
the same region R (k), and the probability of a capture
process C(k), where, of course, the sum of all three prob-
abilities has to be unity:

directions (ingoing and outgoing),

—Rj +Tj
=Rj + Tj

(9)

(10)

R and T denote the reAection and transmission probabili-
ties averaged with respect to the distribution function.
Under the assumption that the distribution function of
the incoming carriers can be approximated by an undis-
turbed Maxwellian, the interface velocities can be ex-
pressed according to Eqs. (9) and (10) as follows

s~ =&kT/2mmi, ( T+C),
ss =&kT/2m. m&(T) . (12)

Hence, we are able to describe a QW with two boundary
conditions combining the carrier concentrations and
their spatial derivative on both sides of the QW using two
velocity parameters. The velocity s~ includes the proba-
bility (1 —R ) thus describing all unrefiected carriers. The
velocity s~ includes the probability T which describes all
transmitted carriers.

In previous publications' ' we investigated in detail
the microscopic probabilities of the case of capture by
emission of optical phonons. Using quantum-mechanical
reAection above the barrier energy, we obtain resonances
leading to a strong dependence on the QW width. For
isothermal transport we have shown that the carrier con-
centration calculated as a function of time in the position
of QW —this solution was found by a numerical ap-
proach based on the Boltzmann equation including the
microscopic probabilities —is in very good agreement
with solutions of the diffusion equation using the inter-
face velocities calculated according to Eqs. (11)and (12).

V. DETERMINATION OF TRANSPORT PROPERTIES
AND TRAPPING PARAMETERS

In this section line-shape fits are used to extract
diffusivities, surface and interface recombination veloci-
ties from the experimental profiles as well as characteris-
tic properties that describe the trapping behavior of
QW's. For the numerical solution of the vertical trans-
port problem of the double-QW structures used for our
measurements, the differential equation (1) is solved in
consideration of the boundary conditions [Eqs. (3)—(6)].

At a given temperature the transport profiles are fitted
with the same set of residual parameters (D, s; ) for all
samples obtained from the same as-grown sample. The
surface recombination velocity so is the only parameter
that may be different between the as-grown samples and
the etched samples. The diffusivity D and the parameters

& +w2& +re]]& +re]2& sg ], sz&, spaz, spaz, and sL are expected
not to change during the etching process since they de-
scribe processes spatially well separated from the surface.

Figure 8 displays the emission of QW's located at vari-
ous distances from the sample surface as a function of
time (transport profiles) together with line-shape fits. The
experimental profile of QW1 is given by triangles and the
profiles of QW2 are plotted by circular symbols. The first
(left-hand side) and the fourth (right-hand side) profile are



13 998 HILLMER, FORCHEL, KUHN, MAHLER, AND MEIER

1.0

E o.6
O
C

0.2

QW1 QW2 QW2 QW2

10—

N

E
V

100—
Cl

ClJ
I

CO

~~
Va

Le

lÃglSP

CL
lO

O
20

Gao. 5Alo. 5As

30 40 50 70 100 200 300

C

2.5 5.0
Time (nsj

7.5 1 0.0 Temperature T (K)

FIG. 8. Time-resolved emission of QW1 (triangles) and QW2
(circles) for different distances from the sample surface (d), L2).
For T=90 K the best line-shape Ats are indicated by solid lines
and yield a diffusivity of D=2.5 cm /s.

FIG. 9. Temperature dependence of the difference of the two
velocities s& —sz, which is proportional to the probability of
carrier capture into the QW. The solid line is drawn to guide
the eye.

associated with the as-grown sample No. 1. The second
and third profiles were measured using the structures
Nos. 1e and 1d, respectively. The solid lines represent fits
by the model developed in Sec. III. For T=90 K, e.g.,
the experimental profiles of the whole set of samples are
described best using a diffusivity of 2.5 cm /s. For the
velocity parameters we find for T=90 K,
sg ] =sg2=sp =$1. 10 cm/s and sq ~

—
s~~ =S~2—s~2) 7

=4X10 cm/s.
The high values of the surface recombination velocity

sp and the interface recombination velocity sL indicate
efticient carrier capture at z=0 and L, respectively. Note
that nearly no difference can be observed in the calculat-
ed profiles between so, L ) 10 cm/s and so, i = ~ Thus
all carriers seem to be captured by the surface or by the
interface to the substrate in these cases. Additionally, the
reflection of carriers by the QW's seems to be negligible
since the velocities sz& and s&2, describing all carriers
that are not reflected, range on the order of 10 cm/s.
Figure 9 displays the difference (s~; —ss;) as a function of
temperature. According to (7) the difFerence of the veloc-
ities s~, —s~,- describes the probability of carrier capture
into the QW "i" showing no measurable variation with
temperature below 100 K in Fig. 9. In order to obtain an
estimate of the capture probability from the velocities
s~; —s~„we have to compare the velocity difference with
typical values of the carrier transit velocity in the region
of the QW's. The low-temperature data in Fig. 9 corre-
spond to a capture probability in the percent range that
increases close to 1 at high temperatures. This is in
agreement with the observed strong decrease of the time-
integrated emission intensity of QW2 with increasing
temperature above T=100 K. The reason is most likely
the efficient capture of carriers by QW1 so that only few
carriers reach QW2. In contrast to the velocity difference
(s~; —s~;) no temperature dependence is observed for the
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FIG. 10. Ambipolar diffusivities as a function of tempera-
ture. The solid line is a fit to the experimental data, based on a
power law for the temperature dependence.

velocities s~, , sp, and si within the experimental error.
These values are already so high that a further increase
would not affect the profiles. Furthermore, the evalua-
tion of our experimental data yields no difference in
(s„,—sz, ) between QW1 and QW2.

In Fig. 10 the diffusivity is presented as a function of
temperature in a double-logarithmic diagram. In the
range between 40 and 150 K we observe a slight increase
of the diffusivity with rising temperature. A fit based on
a power law dependence of the diffusivity on temperature
is performed in the temperature range 40~ T~120 K
and yields D —T (straight line). Due to the low carrier
concentrations in the barriers, the Einstein relation
p( T) =eD ( T)/kT can be used in a good approximation
to calculate the ambipolar mobility. This yields a tem-
perature dependence for the mobility of p- T in the
temperature range 40~ T ~ 120 K as shown by the solid
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from experimental unipolar Hail data in Alo 5Gao 5As.
The shape of the calculated profiles used for the line-

shape fits is very sensitive to the geometry of the struc-
ture (d i, d2, d3 ). Comparing the calculated profiles of
QW1 in structures Nos. 2 and 1 (i.e., di=2.83 pm, re-
spectively) we find that the profiles of QW1 are also
inAuenced by carriers diffusing back from the second, bar-
rier d2 to QWl. Note that in these samples the first bar-
rier layer di is of identical thickness. The diffusion from
the barrier layer d2 back to QWl is much more efficient
in structure No. 1 compared to No. 2 due to a more ex-
tended layer dz. This causes a slower decrease of the
QW1 transport profile in No. 1 compared to No. 2.

Temperature T (K)

FIG. 11~ Ambipolar mobilities as a function of temperature.
The solid line as well as the mobility values are calculated from
Fig. 10 using the Einstein relation.

line in Fig. 11. The temperature dependence is due most
probably to alloy-disorder scattering processes in the
Alo 5Gao 5As barriers since we obtain exactly the theoret-
ical temperature dependence. For higher temperatures
we observe a smaller mobility as indicated by the dashed
line in Fig. 11. This is probably due to a contribution of
acoustic-deformation-potential scattering and polar-
optical scattering. Acoustic-deformation-potential
scattering as well as polar-optical scattering yield a
stronger temperature dependence of the mobility in 3D
ambipolar systems than alloy-disorder scattering. Due
to the temperature variation and the absolute values of
the scattering rates the polar-optical scattering dominates
for higher temperatures.

For a given temperature the ambipolar diffusivity in
the barriers has the same value within the experimental
error for all samples investigated. The absolute values for
our experimental ambipolar mobility (e.g. , p =330
cm /V s at T=90 K) and x~, =0.5 are slightly lower than
theoretical values calculated for the three-dimensional
alloy-disorder scattering (ph —650 cm /V s and p, —2200
cm /V s). '3 Our experimental ambipolar mobility
values determined in our experiment are in good agree-
ment with ambipolar mobility values that we calculated

VI. CONCLUSION

In this paper experimental results as well as a detailed
model of ambipolar transport in semiconductor hetero-
structures are presented. A high-resolution TOF method
using two QW's has been applied to probe the carrier
transport perpendicular to the heterointerfaces. Ambipo-
lar diffusivities, mobilities as well as surface and interface
recombination velocities, were determined in a large set
of different GaAs/Alo ~Gao ~As structures as a function
of temperature. We developed a detailed model to de-
scribe the inAuence of boundary conditions on vertical
ambipolar transport in heterostructures, and found sur-
face and interface recombination to be crucial. In addi-
tion, our evaluation provides insight in the carrier cap-
ture from barrier layers into quantum wells. Between 40
and 120 K, alloy-disorder scattering is found to limit the
ambipolar mobilities in the Alo ~Gao 5As barrier layers of
our samples. For higher temperatures the ambipolar
mobilities are also inAuenced by acoustic-deformation-
potential scattering and polar-optical scattering.
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