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Electron effective mass and nonparabolicity in Gg 44n o 55As/INP quantum wells
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The in-plane effective electron mags{ in narrow Gg 44nq sAs/INP quantum wells is strongly dependent
on the quantization energy. Cyclotron resonance in a series of quantum wells with well widths down to 15 A
reveals a mass enhancement of up to 508(=0.065m,) over the bulk value of Ggy4n,s4As. This effect is
caused by the nonparabolicity of the conduction band and wave function penetration into the barrier material.
Our experimental findings are in good agreement with calculations performed within the framewonx of
theory. We obtain an easy-to-use relation between the mass and the quantization energy
mo/my(€)=(1—1.96¢/eV)/0.044.

Considerable progress in epitaxial growth techniques has Unlike the well-studied GaAs/AlGa;_,As QW'’s,
led to high-quality quantum welQW) structures with a ter- little is known about the band-structure effects in
nary well material. State-of-the-art heterostructure device$a, ,4ny5As/INP QW's. In this work we present cyclotron
like QW lasers and high electron mobility transistors makeresonanc€CR) data of the in-plane effective electron mass
use of very narrow QW's in Gan, ,As/InP and mj in GagsdngsAs/InP QW's for a wide range of well
Ga,In;_,As/GaAs systemSSimulation and design of these widths down to only a few monolayers. In an earlier paper
devices rely on an accurate determination of the basic bandwur experiments were limited to rather wide w2lgit with
structure parameters such as the effective electron mass rgaproved mobilities the narrow wells became accessible,
sponsible for the optical properties and in-plane transport. which are relevant in state-of-the-art heterostructure devices.

The effect of forming a QW is twofoldi) The continuum  Conventional CR is obtained on doped samples while opti-
of bulk band states splits into subbands whose quantizatiogally detected CRODCR) allows us to study also undoped
energies increase as the well width decreaésFree mo- samples;®i.e., we determinen; directly at the bottom of the
tion of electrons is possible only in the plane of the QW. Forsubband and filling effects can be neglected. A substantial
small quantization energies and small kinetic energies of thincrease ofm is observed for decreasing well width. The
electrons compared to the fundamental gap the subband eexperimental data are compared with calculations based on
ergies and the subband dispersion can be described by thwo k-p models of different refinement. An analytical ex-
effective mass of the bulk conduction band edge. For narrovpression is given to relatey to the electron quantization
QW's and narrow-gap materials, however, deviations fromenergy, which can be derived from optical experiments.
this parabolic model become important, which can be de- The Ga,4AnyssAs/INP samples were grown by low-
scribed by an energy-dependent effective mas$e). The  pressure metal-organic chemical vapor deposftiBhe well
axial symmetry of the QW allows for different masses for thewidths vary fromL,=200A down to 15A. Part of the
motion in the plane of the QWhn(€), and perpendicular to samples ar@-type modulation doped. As a bulk reference, a
it, m, (¢).% Due to its larger fundamental gap the barrier 1-um Gay 44n,ssAS epitaxial layer on InP is investigated.
material has a larger band-edge mass than the well materid@hotoluminescenc€L) was excited with a 632.8-nm HeNe
Therefore, in narrow QW’s with quantization energies com-laser (5 mW) or a 514.5-nm Af laser(20 mW) through a
parable to the band offset, penetration of the subband wavsingle optic fiber that also guided the luminescence light. By
function into the barrier material becomes increasingly im-its wider divergence the luminescence light was separated
portant. from the laser beam, dispersed by a 0.25-m monochromator,
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FIG. 1. (a) ODCR (shown as a positive signaand (b) con-

Gag 4Ang5AAs bulk signal (1xm) is given for reference.

and detected by a Ge detectblorth Coast CR was excited ) ) )
in the far-infrared(FIR) at \pr=118 4m using a gas laser contains wells with_,=100, 60, 30, and 15 A with a dop-
ing layer symmetrically adjacent to each well separated by a

system (Edinburgh Instrumenjs The FIR radiation was
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FIG. 2. CR absorptioiishown as a positive signabf a MSQW

ventional CR of QW’'s with different layer thicknesses. The Sample containing QW's with ,=15, 30, 60, and 100 A detected
by FTIR spectrometry in the range of\#80-300cmil. The

abscissa is rescaled to the cyclotron mas-e B\ /27rC.

modulated by means of a mechanical Chopper at 27 st,pacer(So A) Conventional CR data were taken by a FTIR

which allowed for lock-in detection of the resonant changessPectrometer and the absorption is displayed in Fig. 2. The
FIR spectra are taken in the range of wave numbers

in the PL. In addition, a Fourier transform infrar€@TIR)

spectrometefBruken in combination with a Ge bolometer 1A=80 — 300cm * and the magnetic field was stepped

was used. Superconducting magnets provided fields up t6om B=5T to 15T withAB=1T. For ease of interpreta-
tion the abscissa is rescaledrtp=eB\/27rcC. In each trace

several resonances are observed, which stem from the 100-,

15T.

Typical ODCR signals are shown in Fig(al for QW’s
with well width L,= 200 A (nominally undopej] 100 A, and
80 A. The latter two samples aretype doped with carrier
concentrationdN,,=5.8x 10** and 6.0< 10 cm ™2, respec-

samples is sufficient to observe these signals.

cyclotron mass m,

are derived using the

m.=eB/27c with ¢ the speed of lightSystene Interna-
tional unitg. In the undoped sampleas, is determined di-
rectly at the bottom of the subband whereas in the dopedalue for bulk InPmg=0.08am, is also showr. The in-
crease ofm; compared to the bulk valueg =0.044n, is

samplesm, is obtained at the Fermi energy.

60-, 30-, and 15-A wells. To our knowledge the 15-A-wide
QW studied here is the narrowest ternary QW to show CR.
With increasing field the resonances are resolved better as

tive|y' For Comparison we also show the Spectrum of a 1_the wave function shrinks. In the hlgh-f|6|d region, distortion
um epitaxial Ga 44N, ssAs layer. PL was detected at the Of the line shapes and jumps towards lower masses are ob-
recombination energy of the bound exciton and the intensitgerved for the two broader well400 and 60 A Such an
is monitored with respect to the modulated FIR radiation effect is known to coincide with the depopulation of a Lan-
When sweeping the magnetic field we observe a strong delau level. We thus estimate a carrier concentration
crease of the PL intensitishown as a positive signal hgre Nn=6x10"cm™2 for these two wells. Although every well
The ODCR signal observed is up to 5% of the PL intensity. Ah@s an adjacent doping layer, no filling effects can be ob-
detailed study of the coupling mechanisms has been giveperved in the narrow wells. This can result from the high
elsewheré. Due to the sensitivity of the ODCR method the quantization energy and the band bending along the spacer
small number of photogenerated carriers in the undopeg€tween dopants and well. These findings are further sup-
ported by PL experiments where no Fermi edge is observable
With decreasing well width the position of the resonancen @ logarithmic scal® To derive effective mass values
strongly shifts towards higher magnetic field. Values for them| the peak positions are linearly extrapolated to zero mag-

relation netic field.

All values of m; are collected in Fig. 3 and plotted versus
the QW thickness. For zero well width the experimental

Additional results are obtained by conventional CR for adramatic. The highest observed massnjs=0.065n, in the
15 A well, which corresponds to an increase by almost 50 %.

well with L,=40 A andN,=5.9x10'*cm~2. In transmis-

sion geometry under conditions identical to the ODCR ex-Such a strong variation af is of high relevance for the
periment the resonance is observed at an even higher fieldterpretation of optical and transport experiments and de-
vice design. A similar strong mass enhancement has been

position[Fig. 1(b)], shifting fromB=4 T in the bulk mate-

rial to up to 5.7 T in the 40-A well. This shift is accompanied observed by Hendorfeet al.'* in an asymmetric 20-A
by an increase of the resonance line width, which can b&aygny,As QW cladded by AfiGay-As and GaAs.
Shubnikov—de Haas results by Wiesrtéand Schneidet®

attributed to higher scattering rates in the narrow wels.
A whole set of mass values is derived from a sampleare included in Fig. 3.

containing several QW's each grown under identical condi-

tions. This multiple single quantum welMSQW) structure

In order to analyze the contributions of nonparabolicity

and penetration into the barrier we performed two calcula-
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FIG. 3. The in-plane effective mass as a function of the well |G 4. The in-plane effective mass as a function of the calcu-
width. Experimental values for undoped and doped samples argteq electron quantization energy. Symbols and lines correspond to
given. Calculated results are indicated by a full lind,&0),  Fig. 3.
dashed line IJ,=6X 10" cm™?2), both obtained with the modified
Kane formula, and open squares{8 Hamiltonian. Experimental
data from Wiesneet al. (Ref. 12 and Schneideet al. (Ref. 13 is
also includedfor error bars see original woyk

der ink. In momentum space the multicomponent envelope
function problem becomes a set of coupled integral equa-
tions, which we solve numerically by means of a quadrature

tions within the framework ok - p theory for zero magnetic method:’ I.n this way we obtain subband dispersjqn curves
n(K), which fully take into account nonparabolicity. Here

ﬁ?'d- I_n_the firs'_c approach_ we use the model of a square Welve are interested only in the lowest subbar€0. By means
with finite barm_ars but with an energy-depcreﬁlagnt eﬁeCt'Veof an analytic quadratic Brillouin zone integration schétme
mass characterized by a modified Kane for we then calculate froneg(k|) the density-of-states effective
massm;(€). Band parameters are taken from Ref. 20. How-

. ever, according to our experimental findings the effective
massmg =0.044n; is used for Gg 4AnsAs.2

Figure 3 showsn, at the bottom of the lowest subband as
a function of the well widthL,. The results of the first ap-
proach are given by the solid line. The second calculation
yields the values indicated by open squares. Starting from
the bulk value of Gg.AngsaAs, m; strongly increases with
decreasing., and smoothly approaches the InP bulk band
fdge massn* =0.080n, for vanishing well width. For the

_Mo_ _1+2F+2m0P2 2 1
m*(e) 317 \Egte Eg+A+e

Heree is the confinement energy of the lowest subbahds
Kane’'s momentum matrix element, akdaccounts for cou-
pling to remote band®¥ Flux conserving boundary condi-
tions for the envelope functiop are used, i.e., we assume
continuity of ¢ and (1m*)d¢/dz

The effective mass(e) for the in-plane motion can be

defined via the second derivative of the subband dispersio ) : )
ex(k))- In a CR experiment, however, a finite perturbation isdoped samples an additional mass enhancement is taken into

applied by the magnetic and the dispersion is averaged ov&ccount by considering the effective mass at the Fermi en-
the Landau level splitting equivalent to a finig;. The M9y The dashed line in Fig. 3 corresponds to

— 1am-2 : : e
curvature of the band is thus experienced as the slope bdn=6>10" cm 2. Both calculations give very similar re-

tween the initial and final state. The effective mass is therpults in the overlapping range from 25 to 200 A. They ex-
given by plain the experimental findings ofy very well.

The variation ofm; can be most clearly related to the
1 1 Se band structure by pIot.tinm” versus the energy of the sqb-
o)~ 72k ok (2)  band edges,(k;=0) (Fig. 4. Note that both models predict
I I slightly different energies for the same well width. Our re-
This mass is frequently called the density-of-states effectivéults(solid line in Fig. 4 can be parametrized by
mass$’ or the momentum effective mass. In the lirBit-0
the cyclotron massn, equalsm(e) evaluated at the Fermi My _ Mo 1- _ L
edge e=e¢ [the subband edge=e€,(k;=0) in undoped my(e) - mg( 7€) = 0.044
sample$ We thus compare measured cyclotron masses with
theoretical values fom|(€) calculated by means of EQR).  We note that one has to distinguish the dependence, @in
We note that Eq(2) is the relevant definition of an effective the subband quantization energy given in E3). from the
mass for an interpretation of most optical and transport reenergy dependence ofj due to the in-plane motion. For a
lated experiments. fixed well width and each subbamdthe effective mase is
In the second approach we use anxX® k-p  known to depend linearly oa (Refs. 17 and 22while in Eq.
Hamiltoniam;® which explicitly takes into account the off- (3) 1/m; depends linearly ow. The reason for the different
diagonalk-p coupling between the lowest conduction bandfunctional dependences is that in the former case the prob-
&, the topmost valence barld}, and the split-off valence ability ratio for finding the electrons in the well and in the
bandI'y as well as remote band contributions of second orbarriers is basically independent ef(i.e., independent of

1-1.964) g/) 3)
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k) whereas this ratio varies with well width so that the sub-experiment the energy is approximately given by the PL
band states are affected by the larger effective mass in thenergy of the electron—heavy-hole transition minus the bulk
barriers. This effect is in particular important due to the com-band gap. Due to the light electron mass the electron quan-
paratively small conduction-band offsAtE. =224 meV in tization energy accounts for about 90% of the observed en-
Gay 44N 0 sAS/INP QW's® For the same reason one cannotergy shift whereas the quantization energy of the heavy-hole
compare our results with nonparabolicity parameters states €<42 meV atL,=40 A) can be neglected.
which have been derived by analyzing intersubband transi- In summary, we determined by CR the in-plane effective
tions inoneQW (Refs. 23 and 2¥or those reported for bulk electron massn; in Gag 44ngsAs/INP QW's for a wide
Gag 44N g sAs>® range of well widths. We experimentally observe a very large
Equation (3) gives a good approximation to our calcula- enhancement of about 50% in a 15-A QW. The observation
tion within the whole energy rangesOe<AE.. A similar  of CR in such a narrow ternary QW is especially worth men-
expression was found from magnetoluminescence on #oning. The dependence ohj on the quantization energy
doped 100-A QW with a parameter=2.9(5) eV * 2Itis  can be parametrized by E¢3). The effective massn, is
also a reasonable approximation to the theoretical analysis iresponsible for electron transport and optical properties.
Ref. 26. Therefore these results can be of great importance for simu-
Equation (3) can be used to determine the effective masdation, design, and characterization of heterostructures and
directly from the optical properties of the structure. In andevices based on Ga4ngssAs/InP.

*Present address: Lawrence Berkeley National Laboratory, Univer- second-order differential equations for the conduction-band en-

sity of California, Berkeley, CA 94720. velope functions. These equations have the usual form of a one-
TPresent address: Department of Physics and Astronomy, Vanderbilt dimensional Schidinger equation with an effective mass given
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