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Virtual-crystal approximation and alloy broadening of intersubband transitions
in p-type SiGe superlattices
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The predictions of quantized state energies as calculated by the empirical pseudopotential (EléMod
and by the 6<6 k-p model, both within the virtual-crystal approximati§dCA), are compared for the case
of SiGe based quantum wells grown in fl@®1] direction. Furthermore, the accuracy of the VCA is tested by
performing the EPM calculation with enlarged supercells comprising a number of minimal-volume supercells
with a number of different configurations of pure Si or Ge atoms over the lattice sites. The accuracy of the
VCA is found to be excellenfwith errors less than 1 mgVand the agreement between the EPM knp is
very good for energies up to a few hundred meV away from the valence band top. Finally, the influence of
alloy disorder on the transition matrix elements, and the broadening of intersubband transitions due to fluc-
tuations of the alloy composition and atomic configuration, are discussed.
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I. INTRODUCTION Il. CALCULATION DETAILS

In present-day applications the SiGe structures almost al-

There has recently been an increased interest in intersulirays include at least one SiGe alloy layer, rather than only
band transitions ip-type strained-layer SiGe based quantumpure Si and pure Ge layers. In the VCA the atoms at lattice
wells, due to their possible use in intersubband quantum cagites in alloy layers are all assumed identical, and their form
cade lasers operating in the mid- to far-infrared wavelengthiunctions are taken as the weighted average of the Si and Ge
range® This follows a substantial body of work on infrared form functions. Within the VCA approach the minimal su-
photodetectors using SiGe, e.g., Refs. 2-5, or llI-V com-percell suffices for any calculation of interest. If the VCA is
pounds, e.g., Refs. 5 and 6, which was largely related to theot used, then either a pure Si or a pure Ge atom must be
fact that hole intersubband transitions are optically active foispecified at every site. In this approach there are clearly a
both the perpendicular and the in-plane polarization of lightnumber of different atomic arrangements over the available
The approach commonly used to find the subband structurdattice sites(configuration$ in the alloy layer, even when
in the valence bandv.b) is the 6x 6 or, for intermediate or using the minimal unit cell. States obtained for such struc-
narrow gap semiconductors, thex8 k-p model. A recent tures will normally show a spread of values. However, in
study of the accuracy of the- p model, as compared to the order to decrease the influence of the rather short-scale in-
results of the more sophisticated empirical pseudopotentidlane periodicity introduced by using the minimal unit cell,
method (EPM),” has indicated that its accuracy jmtype Iarg_er unit cells may als_o be set up by stacking a n_umber of
AlGaAs based quantum wells is good for energies notdar minimal cells side-by-side. _In_ this set of _ca_llculatlons we
few hundred meYfrom the v.b. top. In this paper we assesshave used sup_ercells comprising up to 8 minimal supercells.
the accuracy of the §6 k- p model compared with the EPM The well layer in the _supercells was taken to be between 4
method, where both are employed within the vir'[ual-crystaland 14 monolayers widevhere one monolayer equals half a

o . . lattice constant and in the majority of cases the alloy was
approximation(VCA). We also investigate the accuracy of . . :
the VCA itself in SiGe based structures, which are necessa§|°'56q"5’ while the barriers were always 4 monolayers of

. . . T ure Si. It was found that increasing the barrier width only
ily strained, in contrast to those based on AlGaAs. This issu creased the computation time, without providing any new

may be important, particularly given that SiGe structuréSpormation. Since the layers, especially the barriers, are
have been considered for relatively short wavelength infrareg;iher thin(this was dictated by the available computer time
intersubband lasers\(-2.2 um, i.e., with=0.5 eV transi-  and memory, these structures should be classified as super-
tion energy), where simplified methods of band structure |attices, rather than isolated quantum wells. However, the
calculation usually cease to be reliable. Furthermore, we disresults are also applicable to quantum wells with reasonable
cuss additional mechanisms of transition broadening in thesgccuracy, since it is the welklloy) layer which is mostly
structures, caused by fluctuations of the alloy compositionnesponsible for the effects considered here.

about the nominal average, and fluctuations of the Si and Ge By comparing the results of the VCA EPM calculations
atomic configurationiwhich can only be modeled in calcu- with those obtained from thie- p model the reliability of the
lations beyond the VCA The issue of line broadening may latter can be deduced, and also the amount of broadening
also be important for the operation of SiGe based quanturarising from the fluctuations of the alloy composition about
cascade lasers, because it influences the value of achievaltkee nominal average. Only from the non-VCA EPM calcula-
gain. tions can one find the accuracy of the VCA itself, and also
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the amount of state broadening that arises due to fluctuations
of atomic configurations. It was assumed that no clustering
effects occured in the alloy layers. The electronic structure of
random alloys has been the subject of a number of papers in
the past decade. Some alloy properties may be calculated by
using “special quasirandom structuredj’e., by finding the
electronic structure of only a small number of relatively
small-sized supercells designed to mimic, as far as possible,
the atomic type correlations that exist in a random alloy. This
approach would suffice for testing the accuracy of VCA, but
for the purpose of estimating the alloy broadening and its
scaling with the supercell size, we adopt the “direct sam-

E (eV)

pling method,”® in which the electronic structure for a large 0.0 - -
number of supercells with different atomic configurations is 4 8 12 16
calculated. The configuration was randomly reshuffled in n (monolayers, a,,,/2)

each run, and a sufficiently large number of calculations was FIG. 1. Subband energieskat=0, calculated by the VCA EPM

made to obtain stgtistically converg_e_d results. Both mecha(Soliol lineg and thek-p method(dashed linesfor Ge,Si, super-
nisms of broadening can be classified as “band-structuregyices on a GesSiy s virtual substrate.

induced;” i.e., they appear as broadening relative to a sim-

pler description of the electronic structute.g., thek-p  persion of the HH, LH, and SO bulk bands along [i@@1] or
employed within the VCA but should be distinguished from [111] directions. However, the problem is overdetermined
the scatterin.g(dephasing and lifetimeinduced broadening (there are more equations tharparameters’ The precision
that also arises due to these and other efféptsonons, of the results is a few percent, which should be borne in
carrier-carrier scattering, elc. _ mind when comparing the EPM ard p results. The defor-
The EPM was implemented as a supercell calculationmation potentiab is found from the HH-LH splitting after
with spin-orbit coupling included. The atomic potentials of applying strain(i.e., alloy substrateto Si or Ge, whilea,
Si and Ge atoms are described by appropriate form functiongngAE, are found from the differences of the v.b. tops in the
V(q). The layers in SiGe superlattices are strained and, coNipstrained and strained casébe GgSi,s substrate was
sistent with the model of homogeneous strain in individual,seq. Extraction of these parameters also suffers from over-
layers, as is also used in thkep model, the atomic coordi- geterminancy. The Si and Ge form functions from Ref. 14
nates in the supercell are taken as the strain-scaled idegje found to be better in this respect than any other sets we
ones. The size of the conventional, minimum-volumenhaye tested. While originally employed with a rather large
(“minimal” ) supercell in the growth direction is equal to the ¢y ioff energy of 8.0 Ry, they work very well even with a
superlattice period, and its cross section in the growth plangytoff of 4.5 Ry, with only the valence band edge disconti-
equalsaZ/4, whereas is the in-plane lattice constant set by nuity being significantly affected. The bulk parameters im-
the substratéthis value applies to the case [@01] growth, plicit to the EPM arey,;=4.34(9.12), y,=0.37 (2.76), v3
considered heje The cutoff energy was set to 4.5 Ry in =130 (3.79, b [eV]=—-2.39 (—2.75), and a, [eV]
order to save the computational time and mem@hys is =246 (1.24 for Si (Ge), showing good overall agreement
very important in large supercell calculations with values often used in regulér p calculations, e.g., Ref.
The 6x 6 k-p model was implemented by using a Fourier 15: . =4.22 (13.4, y,=0.39 (4.2, ys=1.44 (5.69,
expansion of the wave functiolfsand the Burt-Foreman [eV]=—2.10 (—2.86), anda, [eV]=2.46 (1.24 for Si
boundary condition&! The structure is thus implicitly taken (Ge). The value ofAE, implicit in the EPM calculation is
to be periodidi.e., a superlattice as in the EPM calculation. (438 eV, somewhat lower than the value proposed in Ref.
In alloy layers the deformation potentials are taken as)g (0.58 eV), but still good enough for the present purpose
weighted averages of those for Si and Ge. As for the valuegp fact, many calculations use an apparently better estimate,

of Luttinger y parameters in alloy layers, it has been foundg 54 ev, even closer to the value implicit to the EPM
that, among various possibilities, the best scheme involves

finding the hole effective masses in Si and Ge, making their
linear interpolation for the alloy, and then transforming back
into y parameters?*®In normalk- p calculations one uses A comparison of the results from the p model and the
the material parameters extracted from experiments. SUCYICA EPM is shown in Figs. 1 and 2. In Fig. 1 the subband
parameters feature implicitly in the EPM, but their values doenergiessmeasured downwards from the HH v.b. top in the
not quite agree with the experimental values. For the purposeell) are given for GgSi, superlattices f=4—16) on a

of comparison it is essential that the two calculations doGe, sSig 5 virtual substrate. Clearly, the degree of agreement
actually use, explicitly or implicitly, the same set of param-is quite good for energies below 400 meV, even for the
eters(the y parameters, deformation potentials, and the avshortest-period structure (&®i,) but decreases considerably
erage v.b. offseAE,), and it is preferable that these are at higher energies. Similar results are obtained in other struc-
reasonably close to the accepted experimental valuesyThetures, with alloy wells and/or barriers. The in-plane disper-
parameters implicit to the EPM are extracted from the dission of subbands in the G8i, superlattice is given in Fig. 2.

IIl. NUMERICAL RESULTS AND DISCUSSION
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the “averaging area) increases, as illustrated in Fig. 3. In-
terestingly, the distribution of state energies is not
symmetric—it is steeper on the high energy side—but the
mean value is in excellent agreement with the VCA result.
As N.g increases the maximal excursion of energies remains
constant, for obvious reasons—the increased volume super-
cells have all the configurations present in smaller supercells
repeated, along with many others—and may be at least 50
meV for long-period supercells. However, the configurations
which do lead to such deviant state energies become very
rare for largerN.e, and it is the mean square deviation
HH Ge,Si,/Ge, Si, which matters for physical properties. On the other hdnd,

- increases with the well width, being approximately 4144)
meV for the lowest HH(LH) state h a 4 monolayer well,
but converging for widths larger than about 12 monolayers

FIG. 2. The in-plane dispersion of the subbafiith k along ~ tO @pproximately 12.57.0) meV for the lowest HH(LH)
the (10) direction calculated by the VCA EPMsolid) and thek ~ States therein. The dependence Iofon the well width
-p method(dashed lines for a GaSi, superlattice on a GeSips IS in accordance with the random potential the@yg., Ref.
virtual substrate. 17) where the random part of the potential in this case is

the deviation of the microscopic, atom-type-dependent po-

At low energies the agreement is very good, slowly degradtential from the periodic VCA potential. The shiE of
ing as the in-plane wave vectgy increases. Actually, even energy states in the presence of a random potevitigé may
for high-energy states thdispersionsagree reasonably well; be described by second order perturbation thetmg first
the discrepancy is primarily due to the quantized part of enorder does not contribute, due to symméfryi.e., AE;
ergy. That there is some discrepancy betweenkthie and =X (#;|Viand ¥)/(E;—E;). The shift of a state is thus
EPM, and that it increases as either theor the quantized proportional to the square of its probability density taken in
state energyi.e., the equivalent perpendicular wave vectorthe well region(where the random potential is preser@nd
in the well, k,) increases, is in accordance with physicalindeed we do find such a trend as the number of monolayers
expectations. This is mostly due to the fact that the overlapncreases. The dependencelbbn N is reasonably well
of the off-zone-center bulk states and states at zone centéitted to an exponential relationship of the for=1"yexp
decreases akj or k, increase(an inadequacy of thé-p (—aNggy), as suggested in Ref. 7. For narrow wells the value
model even for bulk materigl However, the discrepancy is of T'y is about equal td’ and the exponent is small
sufficiently small not to warrant any concern over use of the(~0.2), but for the(practically more importantwider wells,
k-p method. It should be noted that an apparently largel’, stabilizes at~20 meV (~10 meV) for the HH(LH)
discrepancy may occur in very wide wells, having a verystate, and the exponent to~0.5. A slightly larger value of
dense spectrum; this is due to a large interaction of stateE applies to the second HH bound state which appears in
which amplifies the discrepancy between the and EPM  wider wells.
results. This does not mean that tkep method is unreli- The influence of alloy disorder on interband transitions in
able, however. Similar discrepancies would occur when usdirect gap semiconductors has been extensively stdéid.
ing different sets of material parameters that have appearethis tends to reduce the optical transition matrix elements.
in the literature. It is unlikely that any method could provide To the best of our knowledge, no such study has been done
good agreement with experiment in such cases. for the case of intersubband transitions, within either the va-

Concerning the accuracy of the VCA in SiGe system, welence or conduction band, in quantum well heterostructures.
have found that it is very good indeed. The configurationaMe have therefore calculated the transition matrix elements
averages of non-VCA state energies agree with the VCA prefor the range of atomic configurations in the supercells men-
dictions to better than 1 meV. Interestingly, this conclusiontioned above. The configurational average of the momentum
cannot be reached by considering only the averages for minimatrix element squared for the HH1-HH2 transitiaiowed
mal supercells, which give a discrepancy of a few meV, butat k;=0) was found to be consistently lower by5—
supercells of twice the minimal supercell volume are suffi-—6 % from the VCA value, independent of the supercell
cient to confirm the excellent accuracy of the VCA. size, indicating an intrinsic effect of alloy disordesimilar

We have also analyzed the spread of the energy valudactors of matrix element reduction have been found for in-
obtained for different atomic configurations. The meanterband transitions in InGaAlAs allo¥3. Inspection of the
square deviation of the energies may be interpreted as msults for individual configurations shows that those which
broadening of states, and will thus be denoted’a#s the have larger transition energies generally have larger transi-
number of configurations increased it was found thatta-  tion matrix elementgthis is similar to the situation for inter-
bilized (i.e., became statistically significarto a value spe- band transitions in GalnNRef. 19], but there is only a
cific to the supercell considered and to the type of quantizedorrelation, rather than a strict correspondence of the two.
state. For a given superlattice peribdsteadily decreases as The difference between VCA and non-VCA results, however,
the number of minimal supercelN., in the supercelii.e.,  decreases with increasirlg,. As for the HH1-LH1 transi-
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tion, this is forbidden aIk||=0 in (nominally) symmetric Iintin=|Tani— T el applies to high accuracy. This is
structures. Beyond VCA, however, almost all the configura-due to the fact that the wave functions of the two states are
tions have some asymmetry, so the HH1-LH1 transition isoughly similar. When both states are HH-like in character,
allowed even atk =0, but the matrix elements are very we find that the shifts of HH1 and HH2 are only weakly
small. Calculations for nonzerk, where HH1-LH1 be- correlated; i.e.l fyppz~T G+ Tz (the exact equality
comes fully allowed, do not reveal a statistically significantwould apply to fully independent random variabldsecause
difference between the VCA and non-VCA results for thistheir wave functions are now quite different, so broadening
transition. of HH1-HH2 transitions will be larger than that of HH1-LH1
The finiteI" corresponding to individual states will trans- transitions. All the above conclusions are valikat 0, and
late into a broadening of the transition energies. Concerningpply to both states within the degenerate paiste that
the transitions between the lowest HH and LH states, we findvithin the k- p method these would be the eigenvalues the
that the shifts of the two states due to the random potentiaivo blocks of the Hamiltonian, and the EPM calculation con-
are rather highly correlated, and in fact the relationfirms the degeneragyFor nonzerok|, however, these de-
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generate pairs become splitecause the random potential is potential as is—be it with some randomness or not. In the
almost always asymmetjicand there is a mixing of HH and well studied cases of the broadening of excitonic or cyclo-
LH states. The resultant effect on thés of individual states  tron resonance lines due to impurities, interface roughness,
is that they slightly increase, but also become more correetc., there is a clearly defined localization area, and the same
lated, so the transition linewidths remain almost the same ais true for transitions in confined structuréshether quan-
for k;=0. Due to the correlation of the transition energy andtum confined or classically-sized pixels, as in Ref). Zuch
matrix element, the linewidth will be modified by the spreadan area is less clearly defined for intersubband transitions,
of matrix elements, though not substantially in real situa-since there is apparently no in-plane localization of the car-
tions, because, as shown below, this component of the lingier wave functions. Thus, we have taken the localization
width is often of minor importance. area to be a circle of one coherence length in diameter, where
Yet another source of line broadening, which can be dethe coherence length is primarily determined by carrier-
scribed within the VCAGor, indeed, thé- p method, are the  phonon and carrier-carrier scattering. In good-quality struc-
fluctuations of the average alloy composition within a finitetures this is no less thar 100 A, so with approximately
averaging area. For the alloy layer of nominal average comNe=10°> minimal cells in the localization area, and for a 20
position x (when taken over an infinite areathe mean monolayer(55 A) well, the composition fluctuations will
square deviation of the composition in a region contaiming contribute approximately 0.5 meV to the linewidth, while the
atoms is{(Ax)2)=x(1—x)/N in case of lattice matched sys- configurational contribution will be negligible. This broaden-
tems, and is somewhat reduced in the case of latticeng represents only a minor contribution to the total line-
mismatch?® The transition linewidth stemming from this ef- width in quantum wells, which arises mostly due to scatter-
fect may be found directly by performingka p calculation. ing. However, both effects are expected to be much more
However, an estimate may be obtained as follows. The depronounced in multidimensionally confined structufgsan-
viation of the local composition average B changes the tum wires and dojs because of the greatly reduced number
strain conditions, separating the HH and LH band edges byf atoms within the confinement volume. It may also be
AU=2(14+2C,/C;))(Ab—asAa/a’)-Ax, where Aa  noted that whilst both these sources of line broadening will
=ag.—as; and Ab=Dbg.— bg; are the differences in the lat- exist in the GaAs/AlGaAs system, they will be much weaker,
tice constants or shear deformation potentials in Ge and Si, since the quantum well layer therein is usually the unalloyed
is the lattice constant of the alloy, ai@h; andC,, are the = GaAs, so there is no alloy disorder in the region where most
elastic constantéheir ratio is assumed constant for simplic- of the wave function is accumulated.
ity). In addition, a change of composition influences the
guantized part of the state energies via the Luttinger param- IV. CONCLUSION

eters, which may be estimated from the infinitely deep well By performing the VCA EPM, non-VCA EPM, and the

formula asAE=(A2m%/2myd?)(Ay,*2Ay,), whered is . . :
e el widhFor vider welswih 20 of more monlay. &5 P SCISIOn o Sanee SIe Srucures we o
er9 this latter contribution is much less significant than the P y

the energy range up to a few hundred meV away from the

former in case of HH-LH transitions, but is the only one : . .
existing for the HH-HH transitions. In the language of per_valence. band top(ii) the VCA is very accurate in the SiGe
system;(iii) there is a broadening of transitions stemming

turbation theory, both comprise a first order perturbation. A rom fluctuations of the average alloy compositi@ompo-
an example of this type of broadening, for 10-20 I’non()l":wesition fluctuation broadeningand from fluctuations in the

wide SpsGeys quantum wells on JirsGe.zs substrate we type distribution over the lattice sit@®nfigurational

- ~ X —1/2 _ o
find thatl'l meV]~100 N for the HH-LH transition, and broadening the former being much more important than the

over four times smaller for the HH-HH transition. The num- . e . )
ber of atoms in a supercell comprisitt,, minimal super- Iatter,_ but stl!l constituting a rela_lt_lvely minor part of the total
el linewidth of intersubband transitions.

cells, for ann monolayers wide well, itN=2nN;g .

Finally, to evaluate the contribution to intersubband line-
width due to alloy effects we have to assign some localiza-
tion area to intersubband transitions. It is necessary for this This work is supported by DARPA/ USAF Contract No.
localization area to be finite, otherwise there will be NnoF19628-99-C-0074. The authors thank W. Bdttgeds and
broadening, because a particle would experience the existing. A. Soref(Hanscom AFB for useful discussions.
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