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Cyclotron resonance has been used to study the frequency, electron-concentration, and tempera-
ture dependences of the effective mass in GaAs-Ga;_,Al, As heterojunctions. In samples of low
carrier concentration the energy dependence of the low-temperature mass has been measured in
the quantum limit, and the variation of the mass with Fermi energy at low fields has been studied
in samples of various electron concentrations and by the use of persistent photoconductivity. The
results give an energy dependence of the effective mass which is ~20% lower than that measured
in bulk GaAs and which is accounted for by five-band k-p theory only, consistent with a dramatic
reduction in the polaron coupling due to screening. Further evidence of the importance of screen-
ing comes from the temperature dependence of the effective mass, which shows a rapid increase of
order 2% as the temperature is raised to ~100 K. This is attributed to the reappearance of the
polaron coupling as the screening is reduced by thermal broadening of the carrier distribution.

I. INTRODUCTION

The conduction-band structure in a polar semiconduc-
tor is modified at low energies by two effects: interband
coupling (nonparabolicity) and electron-phonon interac-
tions (polaron coupling). In weakly polar III-V com-
pound semiconductors these effects are of comparable
size and there has been considerable interest in measur-
ing and calculating them in both bulk materials and
two-dimensional (2D) systems. Bulk GaAs has been ex-
tensively studied by cyclotron resonance (CR)'~3 and it
is generally accepted that there is a significant effective-
mass (m*) enhancement from polaron effects, even at en-
ergies well below the resonant regime (wc ~wig). How-
ever, the results in 2D systems are less conclusive, since
recent studies have shown both increased®’ and re-
duced®~® polaron mass enhancements relative to the
bulk case. Calculations suggest’ !! that the reduced
dimensionality should result in an almost threefold in-
crease of the polaron coupling over bulk (3D) systems,
but there is little evidence for this, and it has been sug-
gested that this enhancement may be quenched by
screening in the highly degenerate 2D electron
gas.® 12— 1% The finite extent of the wave function in the
third dimension has also been shown to reduce this cou-
pling.®1%1215 p this paper we present the results of cy-
clotron resonance measurements on several very high
quality GaAs-Ga,_,Al,As heterojunctions in which
these effects are studied in detail. The extremely narrow
linewidths have allowed accurate measurements to be
made of the energy, temperature, and carrier-
concentration dependences of the effective mass. The re-
sults show that the total nonparabolicity in this system is
reduced relative to the bulk material at low tempera-
tures, while the mass shows an anomalous temperature
dependence. These effects are attributed to changes in
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the polaron coupling.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out on several GaAs-
Ga;_,Al,As heterojunctions grown at Philips Research
Laboratories, Redhill, by molecular beam epitaxy.16 The
substrates were semi-insulating GaAs on which high
purity p-type GaAs buffer layers were grown, followed
by heterojunctions with undoped Gagy gAlj 3,As spacer
layer thicknesses between O and 800 A. Cyclotron reso-
nance was detected by measuring the transmission by the
sample of radiation from an optically pumped far-
infrared laser as a function of magnetic field (B), and the
effective mass was deduced from the resonant field. A
typical experimental recording is shown in Fig. 1, indi-
cating the extremely narrow linewidths obtained. The
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FIG. 1. A typical recording of the transmission of sample
G63 at 4.2 K. The linewidth Iy, is 0.015T (AB /B ~ ;).

4789 ©1987 The American Physical Society



4790

effective mass was measured as a function of radiation
energy from 2.2 to 29.4 meV, of electron concentration
(n) over the range (0.9-9.1)x 10'' cm 2, and of temper-
ature between 1.5 and 280 K. The carrier concentra-
tions were deduced from simultaneous measurements of
the Shubnikov-de Haas oscillations in the static conduc-
tivity. For a given sample it was possible to vary the
electron concentration by a factor of approximately 2 us-
ing the persistent photoconductivity brought about by il-
lumination from a red light-emitting diode (LED). For
the high-temperature measurements it was found neces-
sary to measure the transmission of a double thickness of
the sample and use a circular polarizer to obtain
sufficient absorption. The sample substrates were
wedged to avoid interference effects.

III. ENERGY DEPENDENCE OF m *

In a two-dimensional electron gas (2D EG) the degen-
eracy of each Landau level is 2eB /h, and the number of
occupied levels N is nh /2eB, where n is the electron
concentration and spin splitting has been neglected. A
noninteger value of N indicates that the highest filled
level is only partially filled. Above the fundamental field
By (=nh /2e) where N =1, only the lowest Landau level
is occupied, and at low temperatures the only optical
transition which can occur is from the O to 1 Landau
levels. The average energy of this transition is thus that
of the exciting radiation #w, and so the energy depen-
dence of the effective mass may be measured in this re-
gion, known as the quantum limit.

At fields below B, a number of different transitions
may be possible. In the low-field limit the average ener-
gy of these transitions remains essentially constant, only
oscillating  slightly about a fixed energy of
Ep=#mn/m*, and is independent of the transition en-
ergy. Thus we would expect m* to remain almost con-
stant at fields below By and to measure the energy
dependence of m * it is necessary to make measurements
in the quantum limit.

Three samples with particularly low carrier concentra-
tions (sample G63, n =0.9x 10" cm~?; sample G29,
n=1.4%x10" cm~2 sample G66, n =1.4x10'' cm~?)
were studied in order to enable the quantum limit to be
reached over as large an energy range as possible. Typi-
cal sample mobilities for these carrier concentrations
were of order 500000 cm?/Vs. The results from sam-
ples G29 and G66 are shown in Fig. 2. The increase in
effective mass with energy is found to be approximately
linear up to an energy of around 20 meV, above which
resonant polaron coupling causes a more rapid increase.
This behavior was the same in both samples, which have
similar electron concentrations. The results from sample
G63 were complicated by strong subband-Landau-level
couplings,!” but were consistent with those from the oth-
er two samples. The rate of increase of the mass with
energy is substantially less than has been reported re-
cently for the case of bulk GaAs.> This result will be
discussed later.
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FIG. 2. The frequency dependence of the cyclotron mass at
4.2 K in samples G29 (+) and G66 (@) where n=1.4x 10"
cm~? in both cases. All measurements were made in the quan-
tum limit, where only the lowest cyclotron transition (L =0 to
1) occurs. The solid line is a fit to the low-frequency results
with a nonparabolicity of K,=—1.4. Above ~160 cm~' the
mass increases more rapidly as the LO-phonon frequency (296
cm~') is approached.

All three samples were also illuminated with a red
LED to increase their electron concentrations and CR
measurements were made in both the low-field and quan-
tum limits. The results from sample G29 before and
after strong illumination (n=1.4x10"" and 3.4 10"!
cm 2, respectively) are shown in Fig. 3. After illumina-
tion the low-field limit corresponds to frequencies below
~100 cm™!, and the effective mass remains essentially
constant in this region. This was observed in all of the
samples studied, in contrast to the results reported by
Horst et al.,” who observed an increasing mass even
below Brp.

As discussed earlier, both nonparabolicity and polaron
coupling modify the band structure of polar semiconduc-
tors. Since these effects are both relatively weak in
GaAs it is possible, to a first approximation, to treat the
two effects separately and simply add them together.
The validity of this assumption is discussed for bulk ma-
terials by Das Sarma and Mason,'® who conclude that it
introduces only a few percent error. The band nonpara-
bolicity has been calculated by numerous authors using
the k-p method of Kane.!° Experimentally, m* is found
to increase linearly with energy at low energies ( <20
meV), and so the cyclotron energy can be approximately
described by including terms only up to k* 1In such a
model considering interactions between three bands,
Palik et al.?° derived the relation

#k? K, ?
" 2m* | E,

#k?

2m*

E (k) (1)

where K, is coefficient determined by the band struc-
ture. For a heterojunction this results in an effective
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FIG. 3. The frequency dependence of the cyclotron mass in
sample G29 before (+) and after (®) increasing the electron
concentration by illumination. The mass remains approximate-
ly constant until the quantum limit is reached, after which it
increases linearly with frequency. At the highest frequencies
m* increases more rapidly as the resonant polaron coupling
region is approached. The solid line is a fit to the results with
a nonparabolicity of K, = —1.4.

mass given by

1 1 2K,
s=—0 |1+ (L + Vo +(T),1|, (@

m mgo E,
where m§ is the band-edge effective mass, E, is the band

gap, L is the quantum number of the initial Landau lev-
el, and (T), is the kinetic energy due to motion perpen-
dicular to the layers. (T), is independent of the per-
pendicular quantizing magnetic field*! and remains con-
stant if the electron concentration is unchanged. The
original three-band calculations®® give a value of
K,=—-0.83 for GaAs. However, recent calculations
which include five-band contributions>?>2* conclude
that the band nonparabolicity is rather larger, and values
of K, between —1.1 (Ref. 22) and —1.5 (Ref. 23) were
derived for GaAs in the low-energy limit. Note that a
five-band model is necessary to describe simultaneously
the band-edge effective mass, the conduction-band an-
isotropy away from k =0, and the splitting of the cyclo-
tron resonance due to the two different spin states, as
seen in bulk material.>? Equation (2) assumes the band
structure to be isotropic.

Polaron coupling results from the interaction of elec-
trons with the polarization field of the longitudinal optic
(LO) phonons and is characterized by the Frdlich cou-
pling constant o (Ref. 24) which is equal to 0.07 in bulk
GaAs. The coupling causes a constant, zero-frequency
increase in m* and an increase in the nonparabolicity,
which at low energies (w¢/wpo<0.5) results in an al-
most linear increase in m* with energy until the reso-
nant region is reached. It is consequently very difficult
to separate polaron effects from those of the band non-
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parabolicity (BNP), and the two may be approximately
accounted for in Eq. (2) by replacing K, with
K,(tot)=K,(BNP) + K,(pol). Various methods have
been used to solve the Frolich Hamiltonian for the 3D
case: Rayleigh-Schrodinger  perturbation  theory?*
(RSPT), valid only for a <1 and w¢ /w0 <<1, Wigner-
Brillouin perturbation theory (WBPT),”® an improved
WBPT, valid only for ¢ <0.1 (Refs. 1, 11, and 26), and
variational solutions.”® However, all of these predict
comparable and relatively small values for the non-
resonant polaron enhancement of the mass in bulk
GaAs, with the largest result being that of Peeters
et al.,** who have included interactions with all higher
Landau levels to give results which may be approximat-
ed to K,(pol)=—0.4 in three dimensions and
K,(po)=—1.0 in the 2D case for w¢/wip<0.5. In
practice, measurements on bulk GaAs (Ref. 3) show that
in this energy region K,(tot)= —1.75+0.1.

In 2D systems there is universal agreement from a
number of authors’~!!'26 that both the zero-frequency
and the low-energy, frequency-dependent polaron
enhancement of the effective mass are approximately
three times as large as in bulk materials. The inclusion
of screening and the finite wave function in the third di-
mension!®!2=15 both act to reduce the strength of the
polaron coupling, although screening was not treated ex-
plicitly in magnetic fields. The two effects are inter-
dependent and calculations using dynamic screening sug-
gest that the polaron effects are reduced by a total factor
of order 5.!%'* Experimentally Sigg er al.® and Seiden-
busch et al.® reached the qualitative conclusion that the
polaron coupling in 2D was rather less than that seen in
bulk GaAs. The results shown in Fig. 2 give a quantita-
tive measure of this phenomenon. The energy depen-
dence of the effective mass can be used to deduce a value
of K;=—1.4%0.1, which is 20% less than that observed
in the bulk material. This difference is approximately
equal to the contribution to nonparabolicity from the
polaron effects in the bulk, and would be consistent with
a total screening of all polaron effects in the 2D electron
gases studied here. No explicit theoretical treatments of
screening in high magnetic fields have been reported, but
the extreme degeneracy of the Landau levels in high
quality samples may be expected to lead to very strong
screening effects. The very narrow cyclotron resonance
linewidths at low temperatures (of order 0.03 meV at 4.2
K) mean that the density of states within each Landau
level is very much higher than without the field. There-
fore the screening effects are very strong when the Fermi
level lies within a Landau level and the statistics remain
degenerate. This leads to a form of positive feedback in
which increased screening reduces the scattering by
charged centers, leading to a narrowing of the level
widths and further enhanced screening, as has been dis-
cussed by Ando and Murayama.?’

Direct evidence for the importance of screening and
its dependence upon the density of states’® comes from
the oscillatory cyclotron resonance linewidths observed
by Englert et al.? and also visible in the samples studied
here.!” Measurements have recently been reported by
Rogers et al.*® in which very low concentrations of elec-



4792

trons have been photoexcited into GaAs quantum wells
and studied by cyclotron resonance. In this case there
should be no significant screening, and a value of

K, = —2.3 has been observed, which is consistent with a
large unscreened 2D polaron contribution to the nonpar-
abolicity.

All of the calculations discussed above assume that
the electrons are interacting with bulk GaAs LO pho-
nons. However, recent magnetophonon resonance ex-
periments reported by Brummell ez al.>! on these sam-
ples show that the dominant optic-phonon absorption
occurs at phonon frequencies significantly below the
bulk GaAs LO-phonon value, suggesting that the elec-
trons may be interacting with phonon modes associated
with the presence of the interface. In the light of this re-
sult current theories must only be taken as a qualitative
guide to the effects of polaron coupling in 2D systems.

IV. CARRIER CONCENTRATION
DEPENDENCE OF m *

When the carrier concentration changes in a hetero-
junction, the effective mass increases due to the nonpara-
bolicity, with two separate energies contributing to the
increase. Firstly, the additional carriers lead to an in-
crease in the kinetic energy (T), due to the quantum
confinement in the third (z) dimension. Secondly, the
Fermi energy (Er) increases, leading to an increase in
the field necessary to achieve the quantum limit. The
measurements of the carrier-concentration dependence
of m* were made in the low-field limit, which is that ap-
propriate to all zero-field transport measurements. Thus
we may write

1 1 2K,
m* m§ g

(Ep+(T),;) | . (3)

Note that (T ), is not necessarily equivalent to the sub-
band energy E;; for a triangular potential well
(T),=E;/3,’ and for a space-charge layer (T ), for
the lowest subband may be estimated from the variation-
al wave function first proposed by Fang and Howard*}
for silicon inversion layers

bolz)=(1b3)12ze —b2/2 4)

where b’=12m*e*(ng.,+11n /32)/e€o#* (Ref. 34) and
ngep and n are the depletion and inversion charge densi-
ties, respectively. The kinetic energy is then given by
#%b?

*

(T),= (5)

8m
The depletion charge densities were estimated by com-
paring the measured subband separations!” with the cal-
culations of Stern and Das Sarma*> and were all found
to be of order 3x 10'® cm~2. This is consistent with the
doping levels of the p-type GaAs buffer layers
(N4 —Np=5x10" cm~3), and gives values of (T), in
the range 6-20 meV for n between 0.9Xx10'! and
9x 10" cm~2
Figure 4 shows the results of measurements of the
carrier-concentration dependence of the effective mass
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FIG. 4. The electron-concentration dependence of the cy-
clotron mass at 4.2 K, measured in the low-field limit where
the mass is frequency independent. Several samples were stud-
ied, each represented by a different symbol, and the concentra-
tions of each sample were varied using the persistent photocon-
ductivity. The solid line is a fit to the points with
mg =0.0663m,, K,=—1.4, and ngep =0.3 X 10" cm~2.

m*(Eg), obtained by the use of a number of different
samples. For each sample a range of carrier concentra-
tions was studied by using the persistent photoconduc-
tivity. This procedure leads to some small deviations
from the general curve, since measurements of the sub-
band energies'” have shown that the photoexcitation can
act to reduce the depletion charge significantly, while in-
creasing the inversion charge. Also shown in Fig. 4 is a
fit to the carrier-concentration dependence using Eq. (3),
with m§ =0.0663m, and K,=—1.4. The gradient of
the m* versus n curve is largely defined by K,, while
changes in m § will move the entire graph vertically, and
therefore the two variable parameters are largely in-
dependent, giving K, accurate to within +0.1. Approxi-
mately 1 of this energy dependence is due to the varia-
tion of (T'),, and the rest to the change in Ef.

This result is thus in good agreement with the change
in m* with energy found from the quantum limit mea-
surements. More surprising perhaps is that the band-
edge mass deduced (0.0663m,) is larger than found for
bulk GaAs (0.0660m,) in similar measurements.> This
would seem to contradict the conclusion from the non-
parabolicity that the polaron interaction has been largely
screened away, since this should lead to a lower band-
edge mass. One possibility is that the penetration of the
wave function into the Ga;_,Al,As barrier may
influence the mass. The electron penetration is only of
order 0.5%, but the evanescent form of the wave may
result in an additional dressing of the electron mass.
Further evidence for the change in the polaron enhance-
ment of the mass is presented in the next section on the
temperature dependence of m *.
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V. TEMPERATURE DEPENDENCE OF m *

The temperature dependence of the effective mass has
been measured at 119 um in three samples (G63, G29,
and G71) from 4.2 to 280 K. As the temperature in-
creases, higher Landau levels will become thermally pop-
ulated and since these higher-level transitions were not
resolved they will lead to an increase in the measured
effective mass due to nonparabolicity. The effective mass
associated with transitions from the L =0 to L =1 Lan-
dau levels (m§;) has been calculated for each tempera-
ture by assuming that the measured mass represents an
average over several transitions weighted by the popula-
tions of their initial levels, using the nonparabolicity of
K,=—1.4 deduced from the frequency and electron-
concentration dependences of the mass. This correction
to m* is in fact small, being of order 0.7% at 100 K.
The calculated values of m§; at an energy of 10.4 meV
(119 um) are plotted as a function of temperature in Fig.
5, with results from a sample of bulk GaAs also shown
for comparison.

The unexpected feature of the 2D results is that m§;
shows a rapid increase with temperature up to 100 K of
approximately 2%, after which the mass falls slightly as
in the bulk material. This behavior is attributed to a
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FIG. 5. The temperature dependence of m &, the cyclotron
mass due to the lowest transition, in samples G63, G29, and
G71. For comparison, results from a sample of bulk GaAs are
also shown. The heterojunctions show an unexpected fall in
m & below ~ 100 K, which is attributed to strong screening of
the polaron coupling at low temperatures. The increase in m g
above ~220 K in sample G71 is believed to be due to the in-
creasing influence of the L =2 to L =3 transition, which is
strongly affected by resonant polaron effects. The dashed lines
are extrapolations using the bulk dependence.
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change in the polaron dressing of the effective mass
caused by a change in the screening of the
electron—optic-phonon interaction. At low tempera-
tures the Landau levels are highly degenerate, with a
high density of states caused by the very narrow level
widths which are reflected in the narrow cyclotron reso-
nance linewidths. This will lead to a very strong screen-
ing of the polaron interaction, as discussed earlier, and
hence there is almost no polaron dressing of the effective
mass. As the temperature increases, the Landau levels
will broaden [above 30 K the linewidths are limited by
phonon scattering and vary approximately as T3/ (Ref.
36)] and electrons will begin to be distributed between
different Landau levels. Both of these effects will lead to
a reduction in the strength of the screening since both
the density of states and the number of electrons within
kg T of the Fermi level will fall, so that the polaron mass
enhancement reappears. A similar argument has recent-
ly been used to explain apparent changes in the resonant
polaron coupling in GaAs-Ga,_,Al, As heterojunctions
when the electrons are heated by an electric field.”” At a
temperature of 120 K, kT ~#iw,, and the electrons are
distributed over several Landau levels. At temperatures
above this, the screening should be weak and tempera-
ture independent,?® consistent with the observed behav-
ior of the effective mass shown in Fig. 5. An extrapola-
tion of the high-temperature values of m§; to T =0, us-
ing the temperature dependence measured in bulk GaAs,
will therefore give a direct measure of the polaron con-
tribution to the effective mass at high temperatures, as-
suming that polaron effects can be completely ignored at
low temperatures. This procedure gives an increase in
mass of 1.8%, 2.1%, and 2.2% in samples G63, G29,
and G71, respectively. These values can be considered
as lower limits for the unscreened polaron mass enhance-
ment in this quasi-2D system.

A theoretical polaron enhancement of 3.9% has been
calculated for an ideal 2D system,9'll but this will be re-
duced by the finite extent of the wave function in the
third dimension'®'>!> and calculations by Das Sarma!?
give mass enhancements of 1.4%, 1.5%, and 1.6% for
three samples, respectively. This discrepancy may be
due to the correction procedure used to deduce m;
from the high-temperature resonances, in which the con-
tribution from transitions starting at higher Landau lev-
els was removed using the nonparabolicity deduced from
the low-temperature measurements. However, we have
just demonstrated that at low temperatures the electron-
phonon interaction is screened, leading to a reduced
nonparabolicity, but that it reappears at higher tempera-
tures, which may cause an increased effective nonpara-
bolicity. Thus the corrections could be larger than those
which we have employed, leading to a reduction in the
value deduced for m¢§, at higher temperatures. Using
the calculated values for the magnitude of the polaron
coupling?® and correcting for the finite wave function in
the third dimension'? we can estimate a value for K, of
— 1.8, very close to that found in bulk GaAs where the
polaron coupling is present to a similar extent. This
then gives polaron enhancements for the three samples
of 1.4%, 1.6%, and 1.7%, in excellent agreement with

31
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the predictions of theory and consistent with total
screening of the polaron interaction at low temperatures.
It is perhaps surprising that this agreement is so good in
the light of the magnetophonon results on the same
heterojunctions reported recently by Brummell et al.’!
It was found that the electrons appear to couple to pho-
nons with an energy rather lower than that of the bulk
GaAs LO phonon which has been assumed to dominate
the polaron interaction in all the theoretical descriptions
reported to date.

Finally, it may be noticed that in the data above 220
K, available only for sample G71, there is a rather more
rapid rise in the effective mass with temperature. This is
thought to be due to the increasing contribution of the
L =2 to 3 Landau transition. The final state of this
transition is close to the LO-phonon energy and hence
will be strongly modified by resonant polaron coupling,
leading to an increased effective mass. This has been
studied in more detail by cyclotron emission work in
both two’” and three' dimensions.

VI. CONCLUSIONS

The total nonparabolicity in GaAs-Ga;_,Al As
heterojunctions has been deduced from the energy and
carrier-concentration dependence of the effective mass
and found to be 20% less than that measured in bulk
GaAs. The parameter K, is found to be —1.4+0.1, as
compared with —1.75 for bulk GaAs in the same energy
range. This difference is attributed, at least in part, to
screening of the electron-phonon interaction. This con-
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clusion is supported by the unexpected increase in m
found as the temperature is raised from 4.2 to 120 K,
which we believe to be due to the screening out of the
polaron mass enhancement at low temperatures; as the
temperature rises, level broadening and carrier redistri-
bution reduce the screening, leading to the reappearance
of the polaron mass enhancement.

The extent to which the polaron contribution to the
nonparabolicity is screened is difficult to assess, given
the uncertainties in calculating the exact magnitudes of
both the interband and polaron contributions. However,
the measured temperature dependence of m™* suggests
that the nonresonant polaron mass enhancement is al-
most totally screened at low temperatures, which sug-
gests that the polaron contribution to nonparabolicity
will also be strongly screened. This is supported by the
difference between the 2D and bulk nonparabolicities,
which is close to the value calculated for the bulk pola-
ron contribution. This argument implies that the band
nonparabolicity in GaAs is underestimated by three-
band k-p theories, a view supported both by recent ex-
periments on bulk GaAs (Ref. 3), and by the calculations
of Zawadzki and Pfeffer?® and Braun and Rdssler,?? who
find significantly higher nonparabolicities using five-band
k-p theories.
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