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Cyclotron Resonance Investigation of Multi-Quantum-Well
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V.,V Nikonotov, L.V Paramonov and V.M.Tsvetkov

Institute for Physics of Microstructures of Russian Academy of Sciences
46, Uljanov S1., 603600, Nizhny Novgorod, Russia

Cyclotron resonance spectra of 2D holes in strained MQW hetcrostructures Ge/Gey  Siy, were investigated. The hole
cyclotron mass increase from mgs 0.07my in the undoped samples 1o mgw 0.2my in selectively doped hotorostructures
resulting from the strong nonparabolicity of the energy gpectrutn was observed. In strong electric fields up to E = 300 V/em
the enormous (up to 400%) shift of the absorption line to higher effective mass region was revealed that corresponds to the

dynamical heating of the catrier up to T = 200 K,

1. INTRODUCTION

The paper deals with the ¢yclotron resonance (CR)
investigation of both dopcd and wndoped multi-quantum-
well (MQW) heterostructures Ge/Gep Sy (x = 0.1, d <
200 A) grown by CVD technique on moderately doped
Ge(111) substrates (p3pog= 40+45 Q-em). In this
heterosysiem  quantum wells in the valence band are
realized in the pure germanium layers while the energy
structure of the conductance band is not quite clear yet.
The: peculiarity of the heterostructures Ge/Ge_xSiy is the
clastic deformation resulting from the mismaich of lattice
periods of Ge and GeSi. The uniaxial part of the
deformation which corresponds {o the stretching tension
Fequiv results in the valence band splitting. Earlier we
have observed the CR absorplion line of high mobilit.]y light
2D holes in the split valence band in Ge layers!) and
revealed the electric field effects on the hole system?). In
this paper we report the first CR measure-ments in
selectively doped MOQW structures and the further
investigation of hot hole CR. The results obtained are in a
good agreement with the calculations of 2D hole energy
spoctra,

2, CYCLOTRON RESONANCE IN UNDOPED AND
SELECTIVELY DOPED HETEROSTRUCTURES
Ge/Gey.,Six

Typical CR spectra of photoexcited carriers in the
undoped structures are presented in Fig.1 (sample #306).

H, kOe¢
Fig.1.CR spectra of photoexcited holes in the
undoped sample #306 (dQW= 200 A) in
d.c. electric fields; A=2.11 mm, T=4.2 K.
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The position of the hole CR line corresponds to the
effective mass mg 0.07mg (4 = 105 cm?/V-s); the electron
CR lines were not observed in the spectra, Theoretical
calculations of the energy spectra give the negligible value
of the conductance band offset (it seems (o be the reason of
the absence of the electron CR lines) while in the valence
band the depth of the quanium well is about 100 meV, The
hole enetgy specttum in the quantum well is glven in
Fig.2. The pronounced nonparabolicity of the enecrgy-
momentum law is clearly seen. The calculated effective
mass value m*s 0.06mg at the bottom of the lowest
subband (Fig.3) is in a good agreement with the observed
cyclotron mass of holes.

CR experiments with the sclectively doped structure
#123 with degenerated 2D hole gas (ng= 2-10 lem2, B
8 meV) showed the increase of the hole cyclotron mass up
to mg= (0.09-0.1)mg resulting from the above nonpara-
bolicity of the energy-momentum law, The measuremonts
were carried out both in millimeter (MM) wavelength
range with (he backward wave tube oscillator (Fig.4) and
in submillimeter region with FT spectrometer BOMEM
DA3,36 (Fig.5,6). It should be pointed out that the doping
also results in some increase of the hole scattering rates up
to v = 1-1.5 THz in comparison with v = 0.3 THz in the
undoped sample at E = 0 (Fig. 1]) The increase of the hole
concentration up 10 ng » 71011 cm~2 leads to the further
enhancement of the effective mass value (Fig.7,8, sample
#3553, fp= 18 meV, mg=0,18+0.20my). Though CR absorp-

Wave vector, 10°cm™
Fig.2.Calculated 2I) hole energy spectra in the hetero-
structure Ge/Gey_, iy #306 (dgy= 2004, x =
= 0.12, K[| [112], Pegyyiy,= 4 kbar).
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Fig.3. Energy dependence of hole cyclotron re-

sonance mass in tho lowesl subband hhl
(Fig.2), sample #306.

tion in Fig.4-8 is sufficiently "screened” by plasma reflec-
tion in the heterosiructures (samples #123 and #355 "con-
tain" 15 and 6 layers of 2D hole gas correspondingly) the
remarkable increase of the effective hole mass with the
energy is quite evident (to improve the accuracy of the
mass measurements it is necessary 10 use the structures
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Fig.4 CR transmission spectra in seleciively doped
sample #123 (dyw= =180 A, ng 2:1011
cm™<) at nearly circular polarized MM radia-
tion; T =4.2K.

with 1-2 layers of degencrated 2D hole gas). The observed
mags increase corresponds fairly well to the results of the
theoretical calculations (see, for example Fig.2,3) (hus
atlowing to predict the hole £(k) dispersion law at different
values of silicon content x and well width dgyyy at least for
the lowest subband.
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Fig.5,6 Normalized transmission spectra in selectively doped sample #123 (dQW= 180 A, ng= 2:1011 ¢m2y. T = 42K,
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Fig.7,8.Normalized transmission spectra in sclectively doped sample #355 (dow=130 A, ng~ 71031 om*2), T = 4.2K.
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3, CYCLOTRON RESONANCE OF HOT HOLES IN
STRONG ELECTRIC FIELDS

The onhancement of the effective mass with the rise
of the hole cnergy was also revealed at the carrier heating
in electric fields in the undoped sample #306. This effect is
clearly soen even in d.c, fields about few V/em for both the
photoexcited holes (Fig.1) and holes produced by impact
ionization of residual shallow acceplors (Fig.9). In higher
electric fields the CR experiments were carried out using
pulse technique (Fig.10,11). In the latter case free holes
were also excited at the impact ionization of residual
shallow acceptors in the heterostructure thus modulating
the MM-wave absorption in the sample.

6.6 V/cm
20 V/em

0.92 1 | S |
0 5 10 15
H, kOe
Fig.9.Absolute measurements of CR transmission spect-
ra; sample #306, A=2.1 mm, T=4.2K.
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The obtained absolute values of CR transmisgion
(Fig.9) together with the relative increase of the integral
intensity of CR line with the rise of pulsed electric fields up
{o its saturation at E = 200 V/em (Fig.10,11) correspon-
ding to the complote ionization of shallow acceptors allow
{0 estimate the total concentration of residual impurities in
the heterostructure: ng = 2:1011 em*2 (per 162 layers of the
structure) that mughlir corresponds to the volume
concentration n = 31014 em*3. The technique used makes
it possible to estimate the binding energy & of acceptor
contets in quantum-well heterostructures Ge/Gep . Siy. Be-
cause of adiabatic heating of the sample (together with the
substrate) during the strong electric ficld pulse its tempeta-
ture increases significantly over 4.2K that resulls in the
thermoionization of shallow acceptors behind the trailing
edge of the pulse?). Measuring the intensity of CR absorp-
tion line just after the electric field pulse as a function of
the dissipated Joule energy and taking into account the
femperature dependence of the specific heat of the germa-
nium substrate we obtain the temperature dependence of
the concentration and estimate fgr 2-4 meV that is suffici-
ently smaller than in butk Ge because of the strain induced
valence band splitting.

In sirong electric fields a marked CR line shifl to
highcr effective mass region up to mg= 0.3mg at E =~ 300
V/em (Fig.10,11) was revealed that corresponds to the car-
rier heating up to T, = 200 K. The latter proves the reali-
zalion of the streaming motion of the carriers and indi.
cates the possibility of the population inversions of 2D
holes in ELH ficlds just similar to those in bulk p-Gc4).
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Fig.10,11.Hole CR spectra in the undoped sample #306 in pulsed electric ficlds; A =2.32 mm, T=4.2K.
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