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Abstract: A microwave-modulated reflectance spectroscopy ( MMRS) measurement system was constructed. This MMRS
technique was used to identify a transition from holes in valence band to electrons in the ground subband (GS) of the two-
dimensional electron system (2DES) formed in a GaAs/AlGaAs heterostructure sample. The temperature (T) dependence
of the MMRS shows a blue shift of the energy gap with increasing T, while the magnetic field (B) dependence of the
MMRS shows a red shift of the energy gap with increasing B. Both phenomena are attributed to the band-filling effect of
holes in valence band in the GaAs/AlGaAs heterostructure. A theoretical simulation based on Kramers-Kronig relation was
also presented which was similar with the experimental data.
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Introduction

Observing the slight difference in the light reflec-
tance spectrum induced by a perturbation, for exam-
ple, laser, electric field, or magnetic field, to semi-
conductor materials, one may obtain much information
about the samples under study and gain insight about
the related physical processes. A number of modulation
spectroscopies have been developed'' | among which

the electroreflectance ( ER) method and the photore-
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flectance (PR) method are most widely used. Despite
the obvious advantages of such techniques, for exam-
ple, wide temperature range and non-contact measure-
ment, some drawbacks impede their applicability. The
ER method needs special sample preparations while the
PR method may have problems in separating the PR
and photoluminescence (PL) spectra at low tempera-
ture'”! | which happens due to the huge increase (by
several orders of magnitude) of the PL amplitude which

affects PR measurements.
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A method based on modulation of the reflection of
the probe light by microwave, a microwave-modulated
reflectance spectroscopy ( MMRS), may preserve the
advantages of both PR and ER methods''.

case, such a modulation is provided by a microwave,

In this

whose electric field accelerates the free carriers but it is
insufficient for the production of new nonequilibrium
carriers. The net effect of such acceleration increases
the mean kinetic energy of the free carriers (a heating
effect) and changes the optical absorption near the
bandgap, thus leading to a change of the reflectance.
Here we report the experimental realization of
MMRS measurement system which can be used in lig-
uid helium temperature and rather high magnetic field.
Using this system, we observed a transition from holes
in valence band to electrons in the ground state ( GS)
of a two-dimensional electron system (2DES) embed-
ded in a GaAs/AlGaAs heterostructure. The tempera-
ture dependence of the MMRS shows a blue shift of the
energy gap with increasing temperature, while the mag-
netic field dependence of the MMRS shows a red shift
of the energy gap with increasing magnetic field, which

agrees with our theoretical simulation qualitatively.
1 Experimental details

Fig. 1 shows a schematic view of the MMRS
measurement system. It has a light source of a mode-
locked Ti: sapphire pulse laser ( Coherent 900D ),
which has a temporal duration of 150 fs and a repetition
rate of 76 MHz, with its wavelength being tunable from
790 nm to 840 nm continuously by a stepper motor
(Zolix SC300). A half-reflected mirror splits the laser
beam for balanced detection and a 25 ¢m-focal length-
lens focuses the laser beam to a spot of ~100 pum in
diameter on the sample, which is mounted on a magne-
to-optical cryostat ( Oxford Instruments) with a super-
conducting split-coil magnetic field up to 10 T and a
tunable temperature range from 1.5 K to 300 K. A
customer-designed sample rod with two rectangular
wave guides for 8 mm microwave is utilized to radiate
the Ka-band microwave ( with frequency ranging from
26 GHz to 40 GHz) onto the sample. A microwave
generator with a tunable frequency of 33.5 ~36.5 GHz

and a maximal power output of 50 mW is used. The

microwave power available on the sample is about 5
mW and modulated at a frequency of 173 Hz, with its
alternating electric field parallel or perpendicular to the
sample surface'®’. The reflected light from the sample
is collected with a photoreceiver ( New focus 2307 ) ,
which is balanced by a laser beam that is split by the
half-reflected mirror. The MMRS signal is measured
with lock-in technique at the modulation frequency 173
Hz. The stepper motor, microwave generator, magne-
to-optical cryostat, and the lock-in amplifier ( Stanford
Research Systems SR830) are all controlled by a per-
sonal computer with relay control boards ( Serial Card
and GPIB Card) and LABVIEW software.

Our sample was grown by molecular beam epitaxy
(MBE). The growth sequence of the layer structures
was as follows: a buffer layer of 20 periods of 10 nm
GaAs/AlAs superlattice was first grown on a semi-
insulating (100) GaAs, followed by a 60-nm-thick
intrinsic GaAs layer. On the top of it was a Al Ga, _ As
layer, which consisted of a 10-nm-thick Al , Ga, , As
layer and a 50-nm-thick Al Ga,_, As layer with x var-
ying linearly from 0.3 to 0.1 in the growth direction.
The structure was completed with a 65 nm Al , Ga, ,As
layer and a 20 nm GaAs cap layer. The 65-nm-thick
Al ,Ga, o As layer was & doped with 2 x 10" em ™ Si
dopant.
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Fig. 1
tance spectroscopy measurement system
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Schematic diagram of the microwave-modulated reflec-
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2 Results and discussion

Fig. 2 shows the MMRS curves of the GaAs/Al-
GaAs heterostructure sample measured with the electric
field of microwave parallel and perpendicular to the
sample surface, respectively. Both traces have peaks at
the same positions but their magnitude is different from
each other, which may be caused by the different trans-
mission loss of microwave along the two orthogonal
waveguides in the sample rod. The MMRS were also
measured at different microwave modulation frequency
(33. 5GHz and 36GHz) and their signals have same
peak positions as well. The same position of peaks
means that the MMRS signal is independent of either the
irradiation direction or the frequency of microwave,
therefore this is irrelevant to microwave resonance phe-
nomenon. The microwave just plays the role of heating.
Because of the heating effect induced by the microwave,
the Fermi-Dirac distribution of electrons in conduction
band and holes in valence band would change, so does
the optical absorption near the bandgap, Aa, which can
be expressed as:

Aa(E,T) = A[f,(E,T +AT)(1 - f,(E,T

FAT)) ~£(ET)(1 =/, (E,T))]

where A is a constant, AT is a temperature increase in-
duced by the heating effect of the microwave, f, and f,
are the Fermi-Dirac distribution of electrons in valence
band and conduction band, respectively. The change of
absorption coefficient, Aa, and the change of refractive
index, An, are related to each other by the famous
Kramers-Kronig relation'”

AEa/gE_’ ,lg; )4
where c is the speed of light, e is the electron charge, E

AME>:%§ﬁw : (2)

is the photo energy, and P indicates the principal value
of the integral. For further simplification, we ignore all
the constants in the above equations, neglect the change
of f,, since the Fermi energy is much higher than the
maximum of the valence band, and assume that the
change of reflectance is proportional to the change of re-
fractive index. With such simplifications and combining
equations (1) and (2):

AR J“’ S(E,T+AT) -f.(E',T)

R 7, E? - B

dE" . (3)
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Fig.2 The MMRS curves of the GaAs/AlGaAs heterostructure
sample measured with the electric field of microwave parallel and
perpendicular to the sample surface, respectively. Inset is AR/R
calculated with Eq. 3
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The values of AR/R can be calculated by numerical in-
tegration, as shown in the inset in Fig.2 (with typical
values of AR/R estimated to be about 10™* for E =
1.525eV and T =20K). The calculated curve of AR/R
agrees well with the experimental data except that its
spectral width is a bit smaller than the experimental ob-
servation which may be caused by the spectral broade-
ning of the pulse laser and some more complicated
mechanisms. In the following discussion, we focus on
the change of peak positions and have not taken the
change of spectral width into account.

Fig. 3 shows the MMRS curves of the GaAs/Al-
GaAs heterostructure at several different temperatures
with the microwave electric field being perpendicular to
the sample surface. As the temperature increases, the
amplitude of the MMRS signal drops rapidly. The rea-
son is that AT induced by the microwave heating does
not vary much while ambient temperature rises, lead to
a decreasing AT/T, in other words, the microwave’ s
heating effect becomes weaker. A blue shift of the
curves from 1. 521eV to 1. 527eV takes place while
temperature goes from 3K up to 40K. Both the Fermi
energy of conduction band and the bandgap of GaAs/
AlGaAs material depend on temperature'®. The former
leads to a blue shift but it is too small( ~0.1 meV) at
such a low temperature to explain the experimental da-
ta, while the latter mechanism leads to a small red

shift. We attribute this blue shift to the excitation of e-
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Fig.3 The MMRS curves of the GaAs/AlGaAs heterostructure
at different temperatures with electric field of microwave perpen-
dicular to the sample surface. Inset: AR/R calculated with Eq.
3, with the band-filling effect taken into account.
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lectrons in the valence band into the impurity band of
the GaAs/AlGaAs heterostructure as temperature goes
up, thus leading to much more holes in the valence
band. Due to this band-filling effect in the valence
band'®’ | a blue shift of the transition energy between
holes and electrons in the GS takes place as tempera-
ture increases. The band-filling effect was estimated
according to the Nilsson approximation at T =20 K'"/
the change of 6 meV in Fermi level in the valence band
corresponds to impurity band concentrations of about
10"”em ~?, which is reasonable in our sample grown by
MBE. The inset of Fig. 3 shows simulated curves of
AR/R as calculated from Eq. 3, with the band-filling
effect taken into account.

Fig. 4 shows the MMRS measured at 3K of the
GaAs/AlGaAs heterostructure with different magnetic
fields perpendicular to the sample surface. As the mag-
netic field increases, microwave-induced heating effect
may be reduced as a result of even stricter selection
rules, therefore, AT and AT/T decrease and the am-
plitude of MMRS signal drops as well. A red shift from
1.521eV to 1.511eV occurs while magnetic field chan-
ges from zero to 1T. The magnetic field weakens the
microwave-induced heating effect, therefore it reduces
the band-filling effect of holes in valence band and
causes a red shift of the MMRS’ dip. The inset of Fig.

4 shows a simulating result for such a process.

Photon Energy/eV

Fig.4 The MMRS curves of the GaAs/AlGaAs heterostructure
with different magnetic fields perpendicular to the sample sur-
face at 3K. Inset: AR/R calculated with Eq. 3, with the band-

filling effect taken into account
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3 Conclusions

In summary, we constructed a MMRS measure-
ment system and demonstrated its performance in a
GaAs/AlGaAs heterostructure. The MMRS signal does
not depend on the irradiation direction of microwave,
suggesting that the main effect of the microwave here is
to heat the electrons in the 2DES. Also a blue shift of
the energy gap with increasing temperature and a red
shift of the energy gap with increasing magnetic are ob-
served, which are related to the band-filling effect of
holes in valence band in the GaAs/AlGaAs heterostruc-
ture. We give a theoretical simulation based on Kram-
ers-Kronig relation which agrees with our experimental
data qualitatively. The apparatus works well and the
MMRS would be a helpful tool in the study of materi-

als’ energy band structures.
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