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Cyclotron resonance of two .. dimensional holes in sirainedalayer quantum 
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Cyclotron resonance of the two-dimensional hole gas (2DHG) in the strained-layer quantum 
wen structure OfIuO.20GaogoAs/GaAs is observed in far-infrared transmission measurements 
made at 4.2 K. The cydotron mass of the 2DRG in the Ino.2oG~1.8oAs channel is 
(0.191 ± O.O(8)me for a 2D hole density Pm = 8.5X 101I/cm2

• 

There is a great deal of current interest in the strained
layer quantum well structure of (lOO)In,Ga] _xAs/GaAs 
for applications in high-speed, low-power complementary 
logic devices. 1

.-4 In this structure, the Inx Gal ,As layers 
are grown thin enough such that the lattice mismatch 
between the lnx Gal _ xAs and GaAs layers is accommodat
ed entirely by elastic strain rather than by misfit disloca
tions.5 The planar compression in the Inx Gal _ x As layer 
removes the degeneracy of the heavy hole and light hole 
bands at the Brillouin zone center. 6. 

7 And, as a result, the 
two-dimensional hole gas (2DHG) confined in the 
lux Gal _ xAs quantum well is expected to have the effective 
mass of the light hole band. Experimentally, the realization 
of such a light mass 2DRG system was first reported by 
Schirber et al. in 19858 and extensive investigations of the 
valence-band structure under the influence of the built-in 
strain have since been carried outY-ll In these investiga
tions, the effective mass of the 2DHG is deduced from the 
temperature dependence of the Shubnikov-de Hass oscilla
tions or from interband optical measurements. To date, 
there is still no report of direct measurment of it using con
ventional cyclotron resonance (CR) techniques. 

We wish to report in this letter our experimental deter
mination of the effective mass of the 2DHG in a strained
layer quantum well structure of (lOO)Inn.2oGao8oAs/GaAs 
using far-infrared (FIR) cyclotron resonance. The CR mea
surements are carried out in combination with quantum 
transport measurements and thus anow us to determine the 
2DHG density (Pm) and its mass (meR) independently. 
We find meR =0.191 ±O.008me at a Pm =8.5xlOll

/ 

cmz. The scattering rate (T O{I) obtained from the CR data is 
(1.35 ± 0.15) X 1012 s i, which is several times smaller 
than that deduced from the dc transport measurement. 

A schematic illustration of the sample structure 
(VR533) used in this experiment is shown in Fig. 1. It was 
grown on a LO-fim-thick GaAs buffer layer, on top of which 
are two p-type quantum wells of the same heterostructure. 
Each quantum well consists of a 100 A undoped InGaAs 
wen sandwiched on both sides by a 40 A GaAs spacer layer 
and a 50 A Be-doped GaAs layer with a doping concentra
tion of 2X lO 'K/cm 3

• GaAs has a band gap larger than 
Ino.2oGao.8oAs and it is expected to have a 2DHG in each 
Ino.2oGao.8oAs quantum well. The lattice constants for 
GaAs and Ino2oG~).8oAs are 5,56 and 5.73 A, respectively, 
which give rise to a lattice mismatch of about 1.4%. 

The sample was cut into a Van aer Pauw pattern and its 
substrate was wedged 5° in order to avoid multiple interfer
ence in the CR experiment. Ohmic contacts to the 2DHG 
were made by alloying In at 400 ·C for 10 min in a hydrogen 
atmosphere. The quality of the 2DHG in the heterostructure 
can be assessed by studying the magneto resistance and the 
associated quantum oscillations at 4.2 K. In Fig. 2, we show 
the high-field Hall effect and the Shubnikov-de Haas effect 
measurements with the magnetic field perpendicular to the 
sample surface. The 20 hole density calculated from the 
quantum oscillations is 8.5 X 1011 /cm2 for each wen and the 
hole mobility is .- 1500 cm2 IV s. 

The cyclotron resonance experiment was performed in 
magnetic fields (B) up to 8.5 T using an optically pumped, 
linearly polarized, far-infrared molecular gas laser at 4.2 K. 
The transmitted radiation was detected by a Ge bolometer 
placed below the sample. The spectrum was displayed as 
41n[ T(B)IT(O)], where TeB) is the transmittance at the 
magnetic field B. 

200A GaAs: Be (5 x lOIS/cmS) 

200A GaAs undoped 

50A Ga..&..s: Be (2 x 1018 fernS) 
40 A Ga.>\s s acer 

100 A Ino.2oGao.8oAs undoped 

40 A GaA.s s acer 

100 A InO.2oG!I;).80As undoped 

1.0j.i.m GaAs 

51 GaAs Substrate 

FIG.!. Schematic drawing of the p-type GaAs/ln".20Ga080As/GaAs 
strained-layer quantum well structures. 
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FIG. 2. Hall resistance R,y and longitudinal resistance R" as a function of 
magnetic field B for one quantum well at 4.2 K. 

Figure 3 shows the magnetic field dependence of the 
4 In [ T(B) IT( O}] signal obtained at two laser wavelengths: 
;., = 393 and 513 pm. We fit the data to the Drude model, as 
described in Ref. 12, using meR and T c"i/ as the fitting pa
rameters. The results from the best computer fit are shown in 
Fig. 3 as the dashed curves. For;" = 393 pm, we find meR 

= O.194m, and 1"L~Rl = 1.5;x: 1012 s t. For;" = 513 pm, the 
resonance line shape has a shoulder in the high B side, but 
the low B side of the line can be fitted well using meR 

= O.188me and 1"C.;-"Rl = 1.2X 1012 s- I. The shoulder is sug
gestive of an additional resonance at B - 6 T, corresponding 
to a mass of -O.29m". The resonance may origi.nate from 
2D holes in small regions of the sample where strain relaxa
tion through misfit dislocation may have occurred, as dis-

-0.4 

o 

), = 5131'!ll 

meR = O.188m" 

TCR = 1.2 X 1012 scc- l 

2 4 6 

MAGNETIC FIELD B (tesla) 

8 

I 

J 
! 

i 

FIG. 3. Relative transmittance vs magnetic field. Solid curves: CR tf.aces 

f . I (VR533 \ using the A. = 393 Jtm and 513 ,urn laser hnes. rom samp e ., I I· . h 
Dashed curves: fits to tht: Drude model, lIsing meR and "CR gIven III t e 

figure. 
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cussed in the following paragraph. In any case, the values for 
mCR and r C.;-"RI extracted from the two CR curves agree with 
each other to better than 4%. Their mean value is O.191me 
and 1.35 X 1012 s I. This hole mass is considerably smaller 
than the bulk GaAs hole mass of -O.35m". For our sample 
structure, the in-plane energy splitting between the upper
most light hole band and the heavy hole band is about 60 
meV.13 At this splitting energy, only the ground level is oc
cupied at our experimental temperature of 4.2 K. Therefore, 
it is expected that the observed hole mass is derived from the 
light hole band. 

Recently, stability criteria for the strained heterostruc
ture have been derived by Tsao et al. for both single-kink and 
double-kink dislocation mechanisms. 14

,!5 They proposed 
that a measure of stability, or metastability, of a strained 
heterostructure against a particular plastic flow is the excess 
stress which acts as the driving force for strain relief. By 
evaluating the excess stress as a function of position within 
the structure for both mechanisms, the degree of stability 
can be determined. Based on this model, we have calculated 
the degree of stability of our device structure against both 
dislocation mechanisms and found that our device is close to 
the stable-metastable boundary for single-kink dislocations. 
Strain relaxation through misfit dislocation can give rise to 
inhomogeneity and degrade the sample quality. Since the 
effective thickness ofthe strained layers in our device is only 
marginally below the stability requirement, it is possible to 
have the strain in some sman regions of the sample relaxed 
by misfit dislocations. The relatively low de mobility in our 
transport measurement and the presence of a heavier mass in 
our CR data might be the consequences of this strain relaxa-
tion, . 

Owing to the high 2-D hole density in the In"Ga l xAs 
quantum wen, it is important to consider the nonparaboli
city contribution to the hole effective mass. Using a tight 
binding approximation, Osbourn et al. have calculated the 
CR hole mass in terms of the layer strain, the valence-band 
l1onparabolicity, and the valence-band strain-splitting ener
gy (ll).7 The cyclotron mass at the Fermi level is approxi
mated by 

mCR (E) = m~ [1 + 2(C IIl)E], (1) 

for E < 1l12. Here C is the valence-band nonparabolicity pa
rameter and m;~ is the band-edge mass. Since meR and Pm 
are independently determined in our experiment, the Fermi 
energy can be obtained by integrating the valence-band den
sity of states. The value of A/Ccan be obtained from Eq. (1) 

ifm~ is known. For InxGa l xAs with an In mole fraction of 
t_ 16 17 UT fi 'b O.15<x<O.25,m~isknowntobe-O.09me'· ne 110., y 

using m~ = 0.09m e , /l/C to be 26 meV for our sample. The 
error associated with A/C results mainly from m~ and is 
estimated to yield ~ 15% uncertainty. This value is in agree
ment with those obtained from recent magnetoluminescence 

"1 1 t t res 13,16 measurements made on sum ar samp e s rue u . 
In conclusion, we have measured for the first time the 

effective mass of the 2DHG in the strained-layer quantum 
wen structure of (100)Inc)2oGau.8o As/GaAs using far-in
frared CR techniques at 4.2 K The CR mass from two laser 
energies is determined to be (0.191 ± O.OO8)m c at Pm 
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= 8.5 X 1011/cm2
• This reduction in hole mass is a result of 

the strain-induced valence-band splitting and the valence
band nonparabolicity. Based on this direct mass measure
ment, the ratio of the val.ence-band splitting to the nonpara
bolicity factor is determined to be 26 meV. 

We thank Dr. H. P. Wei for many helpful discussions. 
The work at Princeton University is supported by the 
AFOSR contract No. 88-0248. 
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