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The optical properties of a GaAs/Alo.3Gao.7As hetero-n-i-p-i crystal with GaAs quantum wells
in the intrinsic region (“type II”) have been investigated by photoreflectance measurements. To
understand the complex spectra we have varied several measurement parameters such as ac pump
intensity, dc pump intensity, pump frequency, and temperature. The latter one represents a very
useful tool to vary the degree of excitation of the sample over a wide range while keeping the
pump and probe light intensities at a constant level. The role of temperature is described by a
simple model which takes into account the strong temperature dependence of the thermally activated
recombination kinetics. The photoreflectance spectra are compared with spectra calculated within
the framework of a semiclassical Franz-Keldysh model and a model considering an infinite quantum
well in an electric field (quantum-confined Franz-Keldysh model). From this comparison the internal
electric field can be deduced. We demonstrate that it is essential to take into account the fact that
the dielectric function has a spatial dependence with the period of the superlattice.

I. INTRODUCTION

n-i-p-1 structures are very sensitive to optical excita-
tion, as the electrons and holes are spatially separated by
the built-in electric fields. It has been expected! and re-
cently demonstrated®3 that n-i-p-i doping superlattices
exhibit strong optical nonlinearities due to changes of
the internal fields under optical excitation. This results
in a shift of the band gap, the subband energies, and a
change in the overlap of the electron and hole wave func-
tions in the case of short periods. In the case of long
periods a semiclassical picture applies and the change
of absorption is suitably described as an internal Franz-
Keldysh effect. The change of absorption is related to a
change in the refractive index An by the Kramers-Kronig
relation. Therefore n-i-p-i crystals are particularly suit-
able for photoreflectance (PR) measurements and have
recently been studied by this technique.*””

Although these experiments have fully confirmed the
above-mentioned theoretical expectations, it seems ap-
pealing not only to observe these more semiclassical phe-
nomena but also the typical quantum properties associ-
ated with the formation of two-dimensional subbands in
PR experiments. Two-dimensional subbands in conven-
tional n-i-p-i structures have been demonstrated clearly
by resonant Raman scattering® or magnetoconductivity®
studies. Experiments involving the transitions between
conduction and valence bands, such as luminescence or
PR studies, have not, or at least only marginally, been
successful. This observation can be understood if one
considers the effect of the potential fluctuations in n-i-p-
i structures due to the random distribution of impurities
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in the doping layers. The effect of these potential fluctua-
tions on the energies of different subbands is more or less
correlated, which results in a reduction of the spatial fluc-
tuations observed as a broadening in intersubband tran-
sitions. The potential fluctuations of different doping lay-
ers are, however, nearly uncorrelated and, therefore, lead
to a stronger broadening of luminescence and absorption
spectra. Moreover, even relatively steep exponential tails
of the subband density of states can completely obscure
the effect due to transitions between different subbands,
as transitions probabilities involving lower subbands are
exponentially smaller as well.

An elegant solution to overcome this disadvantage
of the n-i-p-i structure and still preserve its attractive
properties is provided by the “type-II” hetero-n-i-p-i
structure,!® which is the subject of the present study. As
shown in Fig. 1 these superlattices are composed of two
different semiconductors with different band gaps. Com-
pared to a homo-n-i-p-i structure, the type-Il hetero-n-
i-p-1 structure exhibits more pronounced subband effects
due to the additional confinement of the charge carriers
in the (triangular) quantum wells (QW’s) and because
of the spatial separation between the free carriers and
the ionized impurities. The latter reduces the potential
fluctuations which broaden the subbands in homo-n-i-p-i
crystals.

Concerning optical effects, type-II hetero-n-i-p-i struc-
tures should behave similarly to a multiple quantum well
in an external field as investigated by Miller et all!12
In our case, however, the absorption of photons and the
generation of charge carriers change the internal electric
field. The photoexcited charge carriers are separated by
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the internal field and, therefore, the recombination prob-
ability is small. This leads to an effective change of the
electric field related to a change in absorption even for
low light intensities.

As the well width of our sample was 300 A, we are in
the limit to observe Franz-Keldysh oscillations (FKO)
as well as subband effects. The transition from the
quantum-confined Franz-Keldysh (QCFK) effect to the
semiclassical Franz-Keldysh (FK) effect has been dis-
cussed by Miller et al. for a QW in a uniform electric
field!! and by Déhler et al. for n-i-p-i structures.!®

We compare the spectra that we have measured with
spectra calculated with the semiclassical FK model and
the quantum-mechanical QCFK model. In the latter cal-
culations the type-II sample is treated as an infinitely
high QW in an electric field. In this model we neglect
excitonic effects and band-filling effects. Also we do not
take into account the self-consistent changes of the poten-
tial due to photoinduced charges and the interactions of
light- and heavy-hole states. Recent self-consistent calcu-
lations by Forkel!® using a realistic band structure with
heavy- and light-hole mixing show a shift of the transi-
tion energies of about 10 meV to lower energies compared
to the simple model. But as the electronic structure and
excitation level of the sample depend on several param-
eters, such as doping concentration, thickness, and life-
time of the charge carriers which are not exactly known,

energy

energy

direction of periodicity z

FIG. 1. Band diagrams for a type-II hetero-n-i-p-i struc-
ture in ground state and excited state. S-I denotes the
semiconductor with the smaller band gap E} and S-II the
large band gap (E;I) semiconductor. The nominal parame-
ters of the investigated sample are dgaa: = 300 A, d,, =504,
din = 504, dp = 504, dip = 25A, np = 3 x 10"® cm™?,
na=3x10"% cm™3, Fy = 1.04 x 10° V/cm, dnom = 850 A.
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the simple model is good enough to demonstrate quali-
tatively the behavior of the structure.

The spatial dependence of the change of the dielectric
function Ae(z) in the z direction perpendicular to the
layers represents another property which influences PR
spectra of n-i-p-i structures. This effect is important as
the period d of a n-i-p-7 crystal is not small compared
to the wavelength A/n,,.. This becomes evident in our
investigations of GaAs n-i-p-i structures.!*

With another model we simulate the dependence on
temperature, pump intensity, and pump frequency. In
this classical model thermally activated vertical recom-
binations are considered in order to explain qualitatively
the variations of the recombination lifetime of the charge
carriers in the QW’s. The recombination probability is
significantly higher for higher temperature. So this model
is able to explain how temperature variations can be used
to tune the charge carrier density over a wide range. This
is important in our case as the sample had no electric
contacts for adjusting the charge carrier density.

II. EXPERIMENT

The sample was grown on an undoped GaAs sub-
strate by molecular-beam epitaxy (MBE). It consists of
ten periods beginning and ending with a p-type doped
Aly.3Gag 7As layer. The band profiles are shown for one
period in Fig. 1. The nominal design parameters are
given in the figure caption. The actual sample parame-
ters differ from these nominal parameters depending on
the position on the wafer as the sample was not rotated
during MBE growth.

The experimental setup was a conventional PR setup
with a He-Ne laser as the pump beam source and a
monochromator with a tungsten lamp as the probe beam
source. The sample exhibits strong luminescence, which
cannot be distinguished easily from the change of reflec-
tion by phase sensitive measurement methods. Although
the luminescence is independent of the probe beam wave-
length and can be subtracted after the measurement, this
background reduces the sensitivity for the change of re-
flection. Three different approaches were used to increase
the ratio AR Io/Iium (Io is the probe beam intensity, typ-
ically Iy = 5 puW/em?; Ium is the luminescence inten-
sity).

(1) Measuring the second harmonic of the signal sup-
presses the luminescence because the luminescence signal
exhibits a much shorter time constant and is therefore
mainly seen in odd harmonics of the pump frequency.
The disadvantage is that the signal degrades, which im-
plies that this method could not be used for small modu-
lation amplitudes which, on the other hand, are required
in order to achieve a high resolution of subband struc-
tures.

(i) Measuring under an incidence angle of the probe
beam of about 50° was only possible outside of our cryo-
stat setup. In this case the probe beam was defocused
on the sample and focused onto a pinhole between sam-
ple and detector in order to minimize the detection of
luminescence light. This procedure, however, could not
be applied with our cryostat setup.
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(iii) By spatially separating the pump and the probe
beam by about 5 mm we increased the ratio AR Iy/Iym
from 0.1 to 4. This was possible because of the long
lifetime of the photoinduced charge carriers compared
to the anomalously fast diffusion time, which is shorter
than 50 ps.'® So the charge carriers are distributed over
the whole sample before they recombine. This will be
discussed in more detail below.

Calculations by Metzner'® have shown that we have
a highly excited region at the pump beam spot (about
0.5 mm diameter in our case) with a high recombination
probability and strong luminescence, if the pump inten-
sity is high. The charge carriers that leave the excitation
area by diffusion are distributed over the rest of the sam-
ple (sample area is 1.25 cm? in our case) resulting in a
relatively low excitation and long charge carrier lifetimes
outside the pump beam spot. In contrast to a setup with
an attenuated pump beam at the probe beam spot, laser
intensity fluctuations are leveled out as the recombina-
tion probability is higher for high excitation. The charge
carrier density almost saturates in this region leading to
a stable excitation level. By this means it is possible to
measure reflectivity changes for small excitation changes
with an increased ratio AR Ig/Ium-

III. EXPERIMENTAL RESULTS

PR spectra of our sample for different temperatures
are shown in Fig. 2. The redshift of the band gap with
increasing temperature is eliminated in this figure by us-
ing hw — E4(T) as the abscissa. We have used the values
E4(T) given in Landolt-Bornstein!? for the temperature-
dependent band gap. For high temperature the spectra
resemble those of FKO’s. For lower temperatures sub-
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FIG. 2. Photoreflectance spectra at different tempera-
tures with an ac pump power P55, = 5 mW (to distinguish
the spectra different offsets are added).
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FIG. 3. PR spectra for different ac pump power at 70 K
(spectrum for Py, = 5 mW shifted). Pgp = 5 and 0.05 mW
corresponds to an intensity I2,, < 4 and 0.04 mW /cm?,
respectively.

band effects become evident. The transitions broaden
for high temperatures and the subband structures cannot
be resolved. The temperature dependence of the broad-
ening can be explained by electron—LO-phonon interac-
tions as their number increases for higher temperature.®
In addition to this broadening we expect a temperature-
independent broadening, as the periods are not exactly
equal and the inhomogenous excitation due to absorption
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FIG. 4. PR spectra for different ac pump power at 300 K

(setup different from the measurement at 70 K).
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of the pump light leads to different degrees of excitations
in the different QW’s.

With increasing temperature the period of the FKO’s
becomes longer and the subband structures shift to lower
energies, both indicating a higher field and a smaller in-
direct band gap in real space. We explain the redshift of
the subbands as an effect of the reduced carrier lifetime
at higher temperatures, resulting in a lower excitation for
the same light intensity. This is related to a higher field
as there are fewer photoinduced charge carriers compen-
sating the space charge of the donors and acceptors. In
addition to the shift of the subbands the lower field leads
to a shorter period of the FKO’s which depend on the
electric field as E—2/3,19-21

In contrast to the strong shifts caused by temperature
variations, a reduction of the ac pump intensity leads to
a weak redshift of the subband structure (Fig. 3). In
addition to the shift a higher resolution is observed for
the small modulation amplitude. The pump intensity
is estimated by assuming that the photoexcited charge
carriers spread homogeneously over the whole sample.
We find an upper limit for the optical pump intensity of
136mp = 4 mW/cm? for P35, =5 mW.

In a more sensitive setup outside the cryostat with
an incidence angle of 50° as described in Sec. IT and a
wider range of optical excitation intensities with pump
and probe beam on the same spot we were able to ob-
serve subband effects even at 300 K. In this case we could
also see a redshift of the subband structure with decreas-
ing pump beam intensity (Fig. 4).

By applying an additional dc¢ pump beam at 70 K we
observed only a very weak shift of the spectra, which
practically disappeared at a ratio Iqc/lac = 0.2. We also
changed the pump frequency (Fig. 5). The spectra shift

30 Hz (x2)

120 Hz (x6)

photon energy (eV)

FIG. 5. Dependence of PR spectra on pump frequency
(an offset is added to the spectra). The positions of the peaks
for 12 Hz are marked by dashed lines. The spectra for 30 and
120 Hz are multiplied by a factor of 2 and 6, respectively.
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FIG. 6. Dependence of PR intensity AR I, (PR) and lu-

minescence intensity fijym (PL) on pump frequency for a fixed
wavelength. The frequency range around 50 Hz could not be
measured due to a high noise level at the main frequency.

to higher energies for higher frequencies. At higher pump
frequencies not all the charge carriers can recombine fast
enough and the sample does not relax into the ground
state. This yields a higher average excitation. The “life-
time” of the charge carriers was measured by tuning the
pump frequency and detecting the PR signal at a fixed
wavelength of 817 nm. At 70 K we can estimate life-
times to be of the order of 10 ms (Fig. 6). At this point
it should be pointed out that the lifetime depends on
the excitation level and increases strongly for decreasing
excitation (and, therefore, higher internal electric fields).
Thus the dynamic behavior cannot be described by a sin-
gle lifetime. In particular, the time constant for reaching
the steady state during excitation (pump on) is much
shorter than the time for returning to the ground state
(pump off).

IV. DISCUSSION AND COMPARISON WITH
THEORY

A. Spatial dependence of the dielectric function

For a comparison of the measured spectra with calcu-
lations we have to consider the spatial dependence of the
change of the dielectric function Ae¢, which is due to the
periodic variation of the material composition and the
electric-field changes. We actually observe an effective
change (A€)exr (Ref. 21)
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md
(Ae(w))er = 22'/6/ Ae(w, z)e?* dz | (1)
0

with wave number k£ = 27n,p(A)/A in a sample with
m n-i-p-1 periods. In the following we assume that
Ae(F; AF) is constant within the GaAs region and Ae=0
in the AlGaAs region. If the excitation level is uniform
for all the n-i-p-i periods for photon energies well below
the AlGaAs band gap, this yields

(A€)err = Ae(F, AF)(e2ik(d+dptdin) _ g2ik(dptdip)
+e2ik(d—dip) _ e2ik(d=dip=di))

m
x Ze2ikud , (2)
v=1
which can be written as

(A€Yeqr = (o" +iB")(Ae; + iles) (3)

with the factors o* and * describing the contributions of
Ae¢; and Aeg to the real and imaginary part of the effec-
tive change of the dielectric constant {(A¢); and (Ae€)q (a
calculated example is shown at the bottom of Fig. 10).
In Eq. (2) the factors in parentheses take into account
the phase shift of the light in one n-i-p-i period and the
sum describes the multiple beam interference with con-
tributions from all the periods. This results in a periodic
change between real and imaginary parts Ae; and Aes,
respectively, contributing to AR/R spectra, which are
calculated by

AR
R
with the Seraphin coefficients « and 3.%3

= a{A€); + B{A¢€)q, (4)

B. FK model

At first the semiclassical FK model was used to calcu-
late PR spectra. A comparison of the calculated spec-
tra with the measured data shows that it is essential to
take into account the spatial dependence of Ae. Figure 7
shows results of calculations for different period length d
(denoted by the ratio d/d,om, where dnom is the nominal
thickness of 850 A) compared to a PR spectrum measured
at 300 K. The spectra change evidently by varying the
parameter d. The best fit is obtained for d/dyom = 0.94
and an electric field Fy = 1 x 10° V/cm in the ground
state and a field modulation AF = 3 x 102 V/cm. In this
case even the lower amplitude of the maximum at 1.68
eV is reproduced correctly. It should be pointed out that
the calculated and experimental spectra are shown on
the same scale. Therefore a comparison between the cal-
culated and measured amplitudes provides information
about the value of AF'. In these calculations a two-band
model was used with effective electron and hole masses
of m, = 0.067 and m, = 1/y; = 0.146,17 respectively,
andzg.n interband matrix element of E, = 2P%/mg =28.9
eV.

Figure 8 shows PR spectra calculated with d/dnom =
0.94 for different fields in the ground state Fy. By com-
paring with the measured spectra in Fig. 2 we deduce the
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FIG. 7. PR spectra calculated in the FK model with the
spatial dependence of Ae included. The spectra are calculated
with a maximum electric field Fo = 1 x 10° V/cm and AF =
3 x 10® V/cm for different period lengths d, denoted by the
ratio d/dnom. In addition, a PR spectrum measured at 300 K
is shown.

relation between temperature and internal electric fields
as given in Table 1.

Because the PR spectra, especially for low tempera-
ture, do not exhibit pure FKO, it is not possible to cal-
culate the internal field by the evaluation of the oscilla-
tion period. In addition, the spatially periodic change of

! I
F, (10°V/cm)
0.45

photon energy (eV)

FIG. 8. PR spectra calculated in the FK model with
d/dnom =0.94 for different electric fields Fp and AF = 3 x 10°
V/cm.
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TABLE I. Electric-field values and broadening parameter
I’ for different temperatures deduced by comparison with the
FK model and the QCFK model.

FK model QCFK model
T (K) Fo (10° V/cm) Fo (10° V/cm) T (meV)
70 0.45 0.45 5
90 0.50 0.50 5
110 0.60 0.60 6
130 0.65 0.61 6
150 0.68 0.70 7
170 0.72 0.79 8
190 0.80 0.94 10
240 0.90 0.97 17
300 1.00 1.00 24

the dielectric function in this case indicates a higher elec-
tric field than is actually present, as the first oscillation
period is stretched.

The FK model gives a first estimation of the internal
field. In the following we demonstrate that these values
are consistent with calculations of AR/R spectra in the

QCFK model.

C. QCFK model

Figure 9 shows the calculated AR/ R spectra for an in-
finite QW in different electric fields to be compared with
the measured spectra in Fig. 2 for different temperatures.
As the spectra are rather complex, Fig. 10 explains the
contributions of the interference effects («*, 8*) and the
subband transitions that take part in the spectrum for a
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1.4 1.5 1.6

photon energy (eV)

FIG. 9. PR spectra calculated in the QCFK model with
d/dnom =0.94 for different electric fields Fy and AF = 3 x 10°
V/cm. The used broadening parameters I" are given in Table

I
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energy (eV)

FIG. 10. (a) Derivative of ¢; calculated in the FK model;
(b) derivative of €2 in the QCFK model (dashed line) with
I' = 4 meV and overlap of electron and hole wave functions
contributing to the calculated spectra; (c) factors a* and 3*
(dashed line) describing the effect of the spatially periodic
Ace calculated with FF = 1 x 10° V/cm, d/dnom = 0.94, and
dGaas = 282 A (all in arbitrary units).

field F =1 x 10° V/cm with the height of the lines pro-
portional to the overlap integral I(\Il,,,c|\IJu/,vi)|2. This is
compared to the derivative of A€o, calculated in the FK
picture, which is roughly seen as an envelope of the over-
laps. There are a lot of transitions that determine the
calculated spectra, because there are no selection rules
for the quantum numbers p and p’ of the electron and
hole states. In contrast to the FK model, this model
takes into account light- and heavy-hole contributions
with m,, = 0.4 and m,; = 0.074 and the interband ma-
trix element P2 (heavy hole) and P2?/3 (light hole).

Figure 10 also shows that it is not possible to corre-
late a single transition to structures in the measured PR
spectra. Only groups of transitions can be resolved.

Again the influence of the spatially periodic A¢ on the
spectra is strong. The thickness d used in the calcula-
tions determines which structures in the spectra are em-
phasized [Fig. 10 and Eq. (3)]. As before, the best agree-
ment with the experiments is found for d 6% smaller than
dnom-

As discussed in the Introduction, the QCFK model is
a rather crude model compared to the complex situation
in a hetero-n-i-p-i-structure. It does not take into ac-
count excitonic effects, band-filling effects, band bending,
and a realistic band structure. So this model is not good
enough to reproduce the measured spectra, but the shifts
of the spectra depend very sensitively on the change of
the fields and the shifts can provide information about
the relative field variations. Starting from the field val-
ues obtained from the FK model for high temperatures,
which could be determined very accurately, we deduce a
modified relation between the temperature and electric
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field in the QW’s as given in the third column of Table
[. The uncertainty of the determined field caused by this
comparison is smaller than 1 x 10 V/cm.

The temperature-dependent broadening of the step
functions occurring in the imaginary part of the dielec-
tric function at the Dy critical points has been taken into
account by substituting??

1 1
O(z) — 5 + = arctan(z) , (5)
where
_w - By
= (6)

with the individual intersubband gaps E, , and the
broadening parameter I'. The used broadening param-
eters are given in Table I. The results of our calculations
with Fy = 1 x 10° V/cm and T = 24 meV (correspond-
ing to our 300-K experiments) demonstrate quite well the
transition regime from the semiclassical FK model to the
quantum-mechanical QCFK model for PR spectra. The
amplitude is higher in the FK model as in this case no
broadening was regarded. In Fig. 11 calculations for both
models are compared with the experiment. In both cases
very good agreement is obtained for d/dnom = 0.94.

Finally, it should be pointed out that although the ef-
fect of the periodic change of real and imaginary part
of the dielectric function contributing to AR/R compli-
cates the interpretation of the spectra, it would be very
interesting to design a sample in a way that the principal
peak of the multiple beam interference is near the band
gap. This is equivalent to a tunable Bragg reflector as
discussed by Linder and Ddhler?® and can increase the
ratio AR/R by a factor of 100.

T T

- FK model

T QCFK model (x2)

0
-1
o 3 3
N oL
% experiment
< 0 F
o
-1
1 1 1 1 1
1.3 1.4 1.5 1.6 1.7
photon energy (eV)
FIG. 11. Comparison of calculations in the FK model and

the QCFK model with a PR spectrum measured at 300 K. The
parameters used in the calculations are Fp = 1 x 10° V/cm,
AF =3x%x10° V/cm, d/dyom =0.94, and for the QCFK model

I' = 24 meV.
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D. Thermally activated vertical recombination

The important question of why the spectra depend so
strongly on temperature but only weakly on pump inten-
sity and frequency still needs to be answered. In order to
understand this observation we simulate the excitation
recombination kinetics with the simple classical model
depicted in Fig. 12. The electrons have to be thermally
activated over the barrier AV (n(?)) in order to recombine
with the holes if tunneling through the triangular bar-
rier is neglected. The barrier height AV (n(?)) depends
linearly on the two-dimensional density n(?) of optically
induced charge carriers

9 e? dn 2)
AVn?)= — (np-=—n d; . (7)
€€g 2
The recombination lifetime for thermally activated tran-
sitions is given by

AV(n@)))

T = Tp exp ( T (8)

Using Egs. (7) and (8) we obtain for the change of the
sheet charge carrier density

2 = —l2) + fgped (9)
2 d 5
(2) = (nD—" - nu)> d;
_.n _ €€ 2 Y d
=- exp iT + Noped .

FIG. 12.

tion.

Model: thermally activated vertical recombina-



(S

Tpump (MW/cm2)
10 107 1072 10
1 T L] T

J10*
10" —/70'(,———'/’/—
—10°
130K
i 10
10° £
t =
;u' 10° "¢
g u®
107
10° 1 1 1 1 =107
107 107 102 10* 107
hopg (S" m-3)
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carrier density 7(?) on the intensity of optical excitation nopt
for different temperatures and a pump frequency of 10 Hz.
The right scale shows the related averaged internal electric
field. The upper scale shows the light intensity I5i., calcu-
lated from the absorbed photons per time.

For the recombination time in the QW at zero field we
use 79 = 3 ns.2® For a typical excitation intensity of 1
mW /cm?, a photon energy of 1.96 eV (HeNe laser), and
an average absorption coefficient for GaAs/Alg 3Gag 7As
of 20000 cm™! (Ref. 27), we calculate an electron-hole
generation rate of 6 x 10'® cm™3s~!. With this value
we have related the upper scale (Igﬁmp) with fepe in the
following graph.

Figure 13 shows the dependence of the photogenerated
sheet carrier density n(2) on the optical excitation inten-
sity I35mp for different temperatures. The charge carrier
density averaged over the time 7(?) changes only by about
20% for 70 K even if I3, is changed over four orders
of magnitude. Changing the temperature, however, in-
fluences 7(?) drastically. a(?) is related to the averaged
internal electric field F' shown on the scale to the right
of the graph. As F determines the PR spectra this ex-
plains why they are not strongly affected by a change of

I5imp- Another parameter that determines mainly the
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FIG. 14. Calculated dependence of 2(*>) and An(® on the

temperature for different I3}, and a pump frequency of 10

Hz.

amplitude of the spectra is the change of carrier density
and field An(® and AF, respectively. Figure 14 shows
the dependence of () and An(?) on the temperature
for different pump intensities I3 | again indicating a
strong temperature dependence for both of them.

V. SUMMARY

We have investigated the influence of temperature, dc
and ac pump intensity, and pump frequency on PR spec-
tra of type-II hetero-n-i-p-¢ structures. We have been
able to explain the strong temperature dependence of
the spectra as an effect of the change of the internal
electric field due to a temperature-dependent carrier life-
time within the framework of a simple kinetic model. By
comparison with the semiclassical FK theory, the inter-
nal electric fields could be estimated. For high temper-
atures an exact determination of the field was possible
by taking into account the spatially periodic change of
the dielectric function. Starting from these values the
QCFK model provided a more accurate determination of
the electric field for low temperatures. By introducing
a temperature-dependent subband broadening the tran-
sition from the FK model to the QCFK model could be
demonstrated for our PR spectra.
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