Infrared absorption of holes in a parabolic quantum well
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We observe the infrared absorption of holes in a wide grade@#l ,As parabolic quantum well
to be at a single frequency, independent of the number of holes in the well. The resonant absorption
frequency appears to be determined by lthbt hole mass,not the heavy hole mass.

The generalized Kohn theorérhstates that electrons re- and consists of a 1000-A-wide graded, @k, _,As alloy in
siding in a spatially parabolic potential well and in parabolicwhich the Al mole fractiorx is varied quadratically from 0.2
bands ink space absorb radiation at the bare harmonic oscilat the edges to 0.01 at the cenErg. 1). The grading was
lator frequency of the empty parabola irrespective ofaccomplished using the digital alloy technique, i.e., the alloy
electron-electron interaction or the number of electrons iris composed of a superlattice of period 20 A, each period
the well. This has been observed in a number of experimentgonsisting of two layers, viz., GaAs and ALGa gsAs, and
on electron gases in parabolically graded@d, _,As quan-  with the duty cycle of the latter varied quadratically. The
tum wells®~® as also on quantum wirés and doté*°where  period of the superlattice was chosen to be fine enough on
the confining potential is, in most cases, approximately parathe length scalgs/m* w)Y'? of variation of the low-lying
bolic. The effect of deviations, both intentional and uninten-envelope function$® The well is sandwiched between two
tional, from a perfectly parabolic shape of the potential well, Al 3<Ga, g5AS barriers; Be-doped regions in the barriers set
has been investigated both theoreticdily> and back 105 A from the well edges supply holes to the well.
experimentally* 6 With the exception of the case of a su- Ohmic contacts to the hole gas in the well were made by
perlattice superimposed on the parabolic quantum wellloying In/Zn contacts to the sample surface; a Ti/Au gate
(where a mass-shifted generalized Kohn theorem responseWgas then evaporated onto the surface to provide a gate to
observegl'’ the wells with deviations from perfect parabo- tune the number of holes in the well as in a field effect
licity display a violation of the theorem qualitatively and transistor. The as-grown sample has a low temperature hole
quantitatively consistent with a uniform radiation field now sheet densityp;=4x10" cm™? with a mobility x=23 000
coupling not only to the center-of-mass oscillation of theC/V's, as determined from Hall measurements. More de-
electron gas, but also to its internal oscillations. tails on the growth and characterization of this and other

In this letter we present an experiment to test the theoSimilar samples can be found elsewhéfe.
rem when the other condition, i.e., that the carriers reside in ~ The variation of the capacitand@ between the front
parabolic bands ik space is violated. A hole gas in a spa- 9ate and the hole gas in the well as a function of the applied
tially parabolically graded AlGa, _,As quantum well repre- VoltageVy between the twdT=4.2 K), is graphed in Fig.
sents a good candidate for such a test. More importantly, thd@. The gate allows one to tune the hole density
valence band is composite, i.e., composed of many branchels= (1/€)/CdVg] in the well from O(for V,>V:=0.8 V, the
So, the experiment presented below tests the generalizdfreshold voltageto 10 cm™2. Using the depletion approxi-
Kohn theorem not just in nonparabolic bands, but also ifmation —expression$ for the 3D hole density
composite bands. The Luttinger—Kohn Hamiltonian for aPo=(2/€€)[d(1/C?)/dV,4]™* at the depthz=e/C, we ex-
hole gas in an ideal parabolic quantum wadiles not appear tract the hole density distribution in the wéffig. 2(b)].%° A
to allow a clean division into two parts as for the above casehole accumulation layer is observed at the top edge of the
a part that depends only on the internal oscillations of theVell at high forward bias; a wide hole gas at an approxi-
hole gas and another that depends only on the oscillation dhately uniform densityp,~3x10'° cm™* is seen to be dis-
its center of mass. Interaction with a uniform radiation fieldPersed across the rest of the well. Assuming the bandgap
is therefore expected to yield a complex absorption specdifferencé' AE(x) between AlGa;_,As and GaAs to be
trum. Yet, a remarkably simple result is obtained in the ex-
periments below: a broad absorption whose peak frequency
is independent of the number of holes in the well, and from
whole value the carrier mass extracted is equal to that of the
light hole in GaAs.

The sample was grown by conventional molecular beam
epitaxy (MBE) on a (100 semi-insulating GaAs substrate
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dpresent address: Jet Propulsion Laboratory, NASA, Mail Stop 302-231FIG. 1. Aluminum mole fraction versus depth showing parabolic quantum
4800 Oak Grove Drive, Pasadena, CA 911009. well. Be doping in the barriers supply holes to the well.
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FIG. 3. Transmittancel (V4=0 V)/T(V4=1 V) at gate voltageVy=0 V
shows absorption with a long high-energy tail, and a peak %0 cm 1.
Inset shows measurements schematiat to scal¢ Noise at low frequen-
cies(<20 cmY) is due to reduced transmission of the A beamsplitter at
this end.
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The transmittance of unpolarized light &,=0 V is
shown in Fig. 3. It has a peak absorption-e7% at a reso-
nance frequency of-50 cmi %, and has an asymmetric line
shape with a long tail extending to higher energy. This tail
may be due to the nonparabolicity of the hole subband dis-
persion ink,, space, caused by the mixing of the heavy and

FIG. 2. (A) Capacitance vs gate voltagepplied between surface gate and light holes away from the zone center, and has been observed
ohmic contact to hole gas in parabolic wetind hole sheet density vs gate in optical measurements on 2D hole ga&&¥.0n changing
Vr?'tage”ffc’;ltgi ;aer;%?n(:aé)lén? glve'::%i ;(2){1 ';'hoe'edii?Sri]ta?i;tglt:ﬂfigétiign the gate voltage a series of transmittance spectra are obtained
:or(ce)filvéeof the parabolic well. The gate voltages betwegn which the depletion(Flg'_4) all of which Sh_OW the same absorption _Ime_ shapg.
edge is swept through the well are also indicated. The integrated absorption strength decreases with increasing
positive gate voltage due to the decreasing humber of holes,

AE4(x)=1.425—0.9x?+1.1x%, and that 30% of this dif- but the resonance frequency is held nearly fixed. One might
ference occurs in the valence bafi¢., AE./AE,=70/30), have expected multiple features in the absorption especially
we calculate the depth of the above parabolic potential welpt high negative gate bias where the hole densitys high
A=73.1 meV, with the 3D hole density corresponding to theenough to populate both heavy and light hole subbands in the
well curvaturepy,=4.2x10' cm 3, in approximate agree- Well. One might have further expected these features to
ment with the observed value pf~3x 10 cm2 (the dif-  change with decreasing hole density in a manner consistent
ference may be due to a combination of growth parametewith the complete depopulation of first the light hole sub-
tolerances and uncertainty in theE, value assumed for the bands followed by that of the heavy hole subbands. None of
calculation. The envelope functiongvith zero in-plane mo- these features are observed. There is a single dominant peak
mentum of a single hole in a parabolic quantum well are at wo~50 cni * at all hole densities.
those of a simple harmonic oscillator. Assunfihg heavy No absorption was measurgtb within +=0.1%) when
hole massm;,;=0.5Im, and a light hole mass),,=0.082m,  the light was polarized parallel to they plane in this slab
(wherem, is the free electron magsve arrive at harmonic geometry; nor was any absorption measured when the radia-
oscillator (HO) energy ladder spacings of 2.99 mé¢@4.1  tion was incident normally on the sample. Absorption was
cm ) and 7.38(59.5 cni') meV for the heavy and light measured only when the electric field of the light was polar-
holes, respectively. ized parallel to the growth direction. This is in contrast to
Optical measurements were performed with a convenexperiments on multiple square quantum wells where hole
tional rapid scan BOMEM Fourier Transform Infrared intersubband absorption at normal incidence has been ob-
(FTIR) spectrometer, with the radiation focused onto theserved, this selection rule being allowed by the mixing of the
edge of the sample placed in front of a composite bolometeheavy and light hole bands away from the zone ceter.
(inset of Fig. 3. Both the sample and the bolometer were The resonance frequeney; of the harmonic oscillator is
cooled to 4.2 K. A polarizer was placed between the focusingy construction equal to the plasma frequency
cone and the sample edge in some experiments. The tran&,):e(po/em*)l’2 of a 3D hole gas of uniform density,.
mittance is calculated aB(Vy)/T(Vy=1 V) with the trans-  Our optical measurement a$, coupled with the electrical
mission at the gate voltagé, referenced to the transmission measurement gb, allows us to extract a mass for the carri-
atVy=1V at which gate voltage all the holes are depleteders in the hole plasma from experimentally measured values
out of the well. The distance that the infrared beam travelalone. We determine this mass torh&~0.083m,, which is
through the sample in this slab geometry is approximately 4ery close to the light hole mass in GaAs. Should we at-
mm. The spectra were measured with a resolution of 2'cm tribute the observed resonance to the heavy hole, and extract
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mass equal to the light hole mass for holes in a graded
Al,Ga, _,As parabolic quantum well grown of100 GaAs
substrate. The occurrence of the light hole mass might be due
to residual tensile strain in the quantum well. The absorption
at a single peak frequency at all gate biageigh the hole
density changed from 0—1bcm™2) begs explanation.
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