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Far infrared photoconductivity spectra due to excitation of shallow acceptors in strained multi-
quantum well Ge/Ge ,Si, (x~0.1) heterostuctures are investigated. It is shown that

these spectra are shifted toward longer wavelengths in the far infrared region compared with
those of bulkp-Ge, owing to”built-in” strain and size quantization, which lead to splitting of the
light- and heavy-hole subbands in the Ge layers. Shallow acceptor spectra are calculated
variationally for bulk germanium under uniaxial tension, whicleguivalent to the strained Ge
layers in the heterostructures. Although this method is only appropriate for wide quantum
wells (dge~800A), the calculations are shown to qualitatively account for photoconductivity
spectra obtained from narrower welldd,~200 A) as well. © 1998 American Institute

of Physics[S1063-782808)02010-9

Strain is one of the techniques for controlling the energybound-state energies quantum-well effects can to first ap-
spectrum of both free and bound charge carriers. By lowerproximation be included through their influence on the mag-
ing the crystal symmetry, uniaxial strain in semiconductorsnitude of the subband splitting of the light and heavy holes.
with degenerate valence bandskat0 (e.g., in Ge and $i It is well known that the germanium layers in strained
causes splitting of the heavy- and light-hole subbands ante/Ge_,Siy heterostructures are potential wells for hdles.
reconstruction of the shallow acceptor spectrum. The influlf the total thickness of the heterostructure exceeds a critical
ence ofP||[001] and P|[111] uniaxial strains on the spec- value, then the germanium layers undergo compression in
trum of shallow acceptors in bulk germanium and silicon haghe growth plane of the heterostructure. This strain may be
been investigated previously, both theoreticaify and considered as hydrostatic compression plus uniaxial tension
experimentally*~® In these papers it was shown that uniaxial along the[111] axis. The hydrostatic compression, which
strain causes splitting of the ground and excited fourfold-does not decrease the crystal symmetry, leads to an insignifi-
degenerate states into two twofold-degenerate states. Singant change the hole mass and therefore has only a slight
the distance between light- and heavy-hole subbands ireffect on the binding energy of acceptors. Thus, the spectrum
creases linearly with pressuteas the strain increases the Of shallow acceptors in wide germanium layers in the
spectrum of acceptor bound states is determined primarily b§trained Ge/Ge ,Siy heterostructures can be approximately
the subband that forms the top of the valence band. It i§reated as the spectrum of shallow acceptors in bulk germa-
known' that for P+0 the dispersion relation for holes be- nium under uniaxial tension. The results of Ref. 3 cannot be
comes anisotropic in both subbands. The problem of motiotised to analyze the impurity spectra in such heterostructures,
of a particle near the top of a simple anisotropic band in fecause these calculations were made for material under
Coulomb potential was investigated in Refs. 2 and 7, wher&ompression. In this paper we calculate the spectrum of shal-
the dependences of the ground and excited state energies!8# acceptors in germanium under uniaxial tension in the
an impurity center on the anisotropy parameter of the effecdirection[111] for an arbitrary value of the strain using the
tive mass was calculated. In Ref. 3 the authors calculated théariational method discussed in Ref. 9 for calculating accep-
spectrum of a shallow acceptor in uniaxially strained germalor levels in unstrained germanium.

hium for arbitrary values of the strain. METHOD OF CALCULATION AND RESULTS OBTAINED

In this paper we will investigate shallow acceptors in . _— . . .
wide strained Ge/Ge,Si, heterostructure quantum wells The Luttlr_wger Hamllt(_)nlaﬁ?whlch descrlbe_s A||ght and
heavy holes in a Cartesian system of coordinagek10],

grown on a(111) germanium substrate. By “wide” quantum . N i
wells we mean wells whose width exceeds the characteristi}é[llz]' 2[111], has the form:
size of the wave function in the acceptor ground state. In F H I 0
such quantum wells, the spectrum of shallow acceptors is 2| H* G 0 |
primarily determined by the strain of the quantum well ma- ~ H =—| ,
terial, i.e., essentially the magnitude of the splitting of the 2mo| | 0 G —H
heavy- and light- hole subbands. Therefore, in calculating 0O I* —H* F

1063-7826/98/32(10)/5/$15.00 1106 © 1998 American Institute of Physics



Semiconductors 32 (10), October 1998

D

— 2, 1,24 1,2 2,12 2

F= A(kx+ky+kz)+2—\/§(kx+ky—2kz)
2mg

d
+ias+ ﬁ(sxx—i- Eyy— 2822)]?,

D
G= AK+KI+kD)— E(k§+ ko—2k3)

J3

i D 2i
H=—(B——

NG ki‘ﬁ(“%)“"

I kzk+ L]

Aleshkin et al. 1107

sponding to states with projections3/2 of total angular
momentum on the strain axiheavy holes transform ac-
cording to the representatidni 5. Wave functions of states
with the projectionst1/2 of total angular momentum on the
strain axis(light holeg transform according to the represen-
tation Ly . Note that for those holes determined to be
“heavy” the mass in the directiofl11] is larger than that of
the light holes(by a factor of almost 10 In general, this
assertion is incorrect for other directions. In uniaxial strained
germanium, the top of the valence band is made up of heavy
holes, while under uniaxial compression it is made up of
light holes.

In this paper we use a variational method to calculate the
spectra of shallow acceptor states. Starting from the symme-
try of the problem and using group theory analogous to Ref.
9, we can minimize the number of variational parameters and
choose the following trial wave functions for the split ground
state that transform according to representatibﬁg and

_ ! (B+2D)k2 \F(B 0
23\ 3/ 7 V3T B

where A, B, and D are constants that determine the hole

dispersion relationsy is the free electron masa,andd are

L :

1
constants that determine the change in the hole spectrum 0 —p?+(qz)?
under strain(see Ref. L k. =Kk,*ik,; &;; are components Yp=cy 0 X
of the strain tensor, and=e,,+ e,y +&,,. All the nonzero )
components of the strain tensor can be expressed in terms of !
Exx: ( 1 0
Exx=Eyy, 2 2(q2)7] 5 je2ie
+4cC -2(qz +c -
_ 2ACut2C,-2Cw APTAAT o | TS e
€227 T TG ¥ 2C 1 4C,, O0C T Uro¥xo \ i 0
whereC;; are elements of the elastic stiffness ten<ofhe 0
guantity e, is linearly related to the tensile streggessurg _ide — T (q2?
6C44(Cll+ 2C12) + C4pz e—iq; eX b ) (1)
=— eyy=183.%,,GPa.
C1112C1ACY, 0
In germanium uniaxially strained along the directiidri 1],
the center of the Brillouin zone corresponds to the symmetry 0
point grou_pD3d. In unstrained germanium, thepoint pos- 1 _ /p7+(qz)z
sesses this symmetry group. Therefore, wave functions of ¥,=c; 0 ex -
acceptors in the strained material will transform according to
a complementary representation of the double group at the 0
point. There exist six such irreducible representations of the 0 g¢ —ie
=+ + + . C3 +C4e
groupDsy: Ly, Lg, andLg (Ref. 12. The wave function
of the acceptor ground state transforms according to an irre- + ep?— (927 1 iz 0
ducible representation corresponding to the top of the va- 2lpm—(q 0 p 0
lence band. In unstrained germanium the top of the valence 0 0
: : 4
band corresponds to the four-dimensional representétjon _ _
(Ref. 12. This representation decomposes into irreducible Cs€” ¢+ cqe 21¢
representations under the grobDpy as follows:

p groDgy L 0 —Vp®+(q2)°
Ti=Li+Ld+Lg. ' 0 b '
Representationt, andL. are one- dimensional and 0

complex conjugates of one another; they should therefore be )

treated as the single, two-dimensional, irreducible represen-
tation LI,5 for transforming the wave functiortd.Represen-

Here ¥, and ¥, transform according to the representations

tationLg is two-dimensional. As we already noted, uniaxial L, s andLg , respectivelyp?=x?+y?, ¢ is the angle of the
strain lifts the degeneracy of the light- and heavy-hole subradius vector in the plangry, andc;, g, f, andb are varia-
bands at the poirk=0. In this case, wave functions corre- tional parameters.
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FIG. 1. Dependence of the binding energy of the ground and lowest excited

states of an acceptor in germanium under uniaxial tensile strain along the|G. 2. Dependence of the longitudir@long the tension axi¥) and trans-
(111) direction on the magnitude of the strain. The vertical lines indicateverse(2) localization scales for the wave function of the acceptor ground
values of the effective strain corresponding to the splitting of the light- andstate in germanium under tensile uniaxial strain al¢hiyl) on the magni-
heavy-hole subbands in Ge/zgSi, heterostructures 30a) and 306(2) tude of the strain.

including size quantization.

In Fig. 1 we plot the calculated energies of the compo-¥, ;=c,z
nents of the split acceptor ground state, iLQT.’5 [with wave
function (1)] and L¢ [with wave function(2)], versus the i 0
straine,,. The energy origin corresponds to the edge of the
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heavy-hole subband. The ionization energy obtained in this ——s
paper for the acceptor ground state wiers 0 equals 8.87 xex;{ - M +Cqz| 22— _rz) 0
meV, which is in good agreement with the value 8.83 meV f 0
obtained in Ref. 9. At large strains (,>15x 10"%) the ion- i
ization of the ground state approaches an asymptotic value of 0
5.57 meV, which is in good agreement with calculations us- ,
ing the single-band model with an anisotropic m¥ss. Xex;{ B Vp?+(q2)? ‘ic (22— Erz) ew.)

Figure 2 shows how the scales of localization of the b P 3) e

ground-state wave function along the strain axis and in the 0
perpendicular direction depend on the magnitude of the
strain. It is easy to see that the localization radies 0_
“Bohr” radius) along the direction of tension decreases with _ Vp?+(q2)?] 2 e e
increasing strain down to 4.0 nm, while in the perpendicular X ex b Ficspz ie?e
direction it increases. This behavior is explained by the 0

change in mass in the corresponding directibns. )
. . I
Let us now considep-type excited states. The wave e’

functions of these states are odd under inversion, and there- Jp2+(qz)2 0
are odc o wexd - YPTHEDT L

fore they correspond to irreducible representatitng or b 6P 0
Lg . Note that dipole transitions from the ground state are 3o
allowed in odd states and forbidden in even states. .

In accordance with the symmetry of the problésee eS¢
Ref. 9 tr_lal Walve funct|_ons that tranfsform. according tq rep- /p2_|_ (q2)2 , 0
resentationd., 5 and Ly can be written in the following X ex T T | TP 0

form. ForL,5:
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dge~ 200-800 A, and solid solution layer thickness
) dges~200 A) were grown by the gas-phase hydride method
on(111) Ge substrates. The number of periods was chosen to

Forle : be rather large (=80+160) so that the total thickness of
0 i(C@¢+cge'?) the heterostructure would exceed its critical value. In this
i case, a relaxation of the elastic stresses takes place at the
/.2 2 ip ’
Wo=c,z 1 exr{ _\p +(a2) +p Ca€ heterostructure-substrate boundary, and the period of the lat-
0 f 0 tice in the heterostructure growth plane no longer coincides
0 0 with the period of the substrate latti¢i is determined pri-

marily by the average content of silicon in the heterostruc-

0 ture), leaving the germanium layers in the heterostructure

1 1 under biaxial compression. Thus, we can control the strain in
2
=r
5 ) 0
0

Vp%+(q2)?|

f the germanium layers by varying the fraction of silicon

the Gg_,Si, alloy or the layer thickness. In this paper we
studied heterostructures of two types, with different
7 quantum-well widths. The first typex& 0.07,dges= 200 A,
L(qz) 72— —r2) n=83), an example of which is sample 309, had thick ger-
b manium layers dg.= 800 A) that consequently were weakly
i(ce@?+cre1?) strained €,,=0.46x 10" 3). The second series consisted of
several samples x&0.11-0.15, dges~200 A, n=80
—160) with thinner germanium layersi.~200 A), caus-
0 ing them to be under larger strainse,(=(0.9—2.1)
0 x10°%). Spectra of these samples were measured

. , previously'* We measured submillimeter photoconductivity

Co€” ¢+ cye 2 spectra of these heterostructures using a “BOMEM
0 DA3.36” Fourier spectrometer at a temperatdre= 4.2 K.

The impurity photoconductivity spectrum of a sample
with thick germanium layers is shown in Fig. 3a. This spec-
0 trum is shifted as a whole towards longer wavelengths com-
pared to the spectrum of bulGe (the maximum energy
homa= 12 meV; see, e.g., Ref. 1and consists of a line at

xexpg —

xXexg —

cge ¢

Jp2+(q2)? 5 0 hw~ 5.3 meV and a broad band Atw= 7.4-10 meV. In
Xexp - " ph tp 0 this sample the quantum-well effects are unimportant, and
) ) 0 the photoconductivity spectrum is in good agreement with
the theoretical model described abotfeg. 1); the strain
\/m' corresponding to sample 309 is indicated by the vertical line
><exp R (4)  1). The line athw~ 5.3 meV corresponds to a transition

from theL, 5 ground state to the first excitdd, 5 state. The
In this paper we find two excited states with wave functionspacing(1) between level , s andLg amounts to 7.1 meV,
(4), which we denote by (1) andLg (2). In finding the  which is in good agreement with the start of the short-
second state we impose an additional condition on the variayavelength band in the spectrum shown in Fig. 3a. The pho-
tional parameters: the requirement that the upper ¢fatee  toconductivity at higher frequencies can in this case be asso-
orthogonal to the lower state. For states of tyBewe find  ciated with transitions to higher-lying excited states and to
only the lower excited state, since the second rapidly departie continuum, and also to the split-off light-hole subband
into the continuum with increasing strain. Figure 1 also(the splitting of the subbands in this sampleiiss 3 meV).
shows the dependences of the calculated excited acceptor Spectra for the Ge/Ge,Si, heterostructures with thin-
state energies on the straip,. On the right we indicate the ner germanium layers are shown in Figs. 3b and 3c. It is
corresponding acceptor states in the limit of large strain for &lear that these spectra are shifted even farther into the re-
simple anisotropic band €l 2po, 2p-). It is clear that the gion of lower frequencies; features these spectra have in
energy of the excited levels approaches its asymptotic valueommon are a line @ w~ 6.9 meV and an intense band at
more rapidly than the ground- state energy, which is obvi% o= 3-5 meV. It is obvious that in heterostructures with
ously associated with the lower binding energy of the excitecharrow germanium layers the quantum-well effects are more
states. important. As we have already noted, in these structures
strain causes the masses of light and heavy holes along the
[117] axis, i.e., the growth direction of the structure, to differ
by an order of magnitude. This leads to additional splitting of
the light- and heavy-hole subbands due to size quantization.
The strained multilayer heterostructures Gea/G8Si, In this paper this effect is included by introducing an effec-
under study (with x=~0.1, germanium layer thickness tive straine 4 corresponding to the total splitting of the sub-

EXPERIMENTAL RESULTS AND COMPARISON
WITH CALCULATIONS
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a crepancy indicates the need for a more accurate inclusion of
the quantum-well effect in structures with thin germanium
layers. The long-wavelength tail of the bafid= 3-5 meV

can be explained by the dependence of the binding energy of
an acceptor on its position in the well: At the well center the
energy is a maximum and it decreases as the acceptor moves
towards the barriel’ The additional structure in the region

\ N 1.8 to 3 meV observed in sample 306 can be related to pho-
K toexcitation ofA* centers, which form when an additional

b hole is captured by a neutral acceptor in the quantum ell.

- This work was carried out with the financial support of
RFFI (Grant 97-02-16326 the Russian Science Ministry
programs “Physics of Solid-State Nanostructurggioject
97-1069 and “Microwave Physics” (Project 4.5, the
GNTP “Physics of Quantum and Wave Processéstibpro-
gram “Fundamental Spectroscopy,” project J.the “Lead-

I ing Scientific Schools” program{Grant 96-15-96719and

¢ FTsP “Integration” program(Projects 540, 541

(=]

[~
B

Photoconductivity , ard. units

1G. L. Bir and G. E. PikusSymmetry and Strain-Induced Effects in Semi-
R conductors(Wiley, New York, 1975; Nauka, Moscow, 19¥2
2J. Broeckx, P. Clauws, and J. Vennik, J. Phys. C: Sol. St. Pt§s511

(1986.
0 L 4 . 4 L L 3J. Broeckx and J. Vennik, Phys. Rev.38, 6165(1987.
2 4 6 8 10 12 4D. H. Dickey and J. O. Dimmock, J. Phys. Chem. Solds 529 (1967).
Energy , meV 5A. G. Kazanskii, P. L. Richards, and E. E. Haller, Solid State Commun.

24, 603 (1977).
FIG. 3. Photoconductivity spectra for Ge/GeSi, heterostructures at  8A. D. Martin, P. Fisher, C. A. Freeth, E. H. Salib, and P. E. Simmonds,

T = 4.2 K. a— heterostructure 309, undopeds0.07,dg=800 A, dges; Phys. Rev. Lett99A, 391(1983.

~200 A, n=83, £,,=0.46x10°3 b—heterostructure 306, undoped, 'R.A.Foulkner, Phys. Rew84, 713(1969.

x=0.12, dge=200 A, dges==~200 A, n=162, &,,=2.1x103 8L. K. Orlov, O. A. Kuznetsov, R. A. Rubtsova, A. L. Chernov, V. I.

c—heterostructure 379, central quantum well doped with boken(.15, Gavrilenko, O. A. Mironov, V. V. Nikonorov, I. Yu. Skrylev, and S. V.

dge=200 A, dges~200 A, n=81, £,,=0.9x1073. Chistyakov, Zh. Esp. Teor. Fiz.98, 1028(1990 [Sov. Phys. JETH1,
573(1990].

9D. Schechter, J. Phys. Chem. Sol@®; 237 (1962.
) o 103 M. Luttinger, Phys. Rev102, 1030(1955.
bands calculated for gives,, anddg. (Ref. 16 (in Fig. 1 **A. L. Polyakova,Strain in Semiconductors and Semiconductor Devices
the vertical line2 indicates the value of . for sample 305, (Energiva, Moscow, 1979

12F Bassani and G. Pastori-ParraviciBilectronic States and Optical Tran-
From a comparison of Figs. 1, 3b, and 3c we see that the line j;ns in solidsNauka, Moscow, 1982

athw~ 6.9 meV is in good agreement with transitions from 3. p. Landau and E. M. LifshitzQuantum Mechanics: Non-Relativistic

the ground state to the continuum. The most intense band m\T/hEIJO(r;y 3rfi| Efli( (Pler?/anéor} PreSSAOIi(fOKrd 1tSk)77 é\la:ki Mffsclt()woli87
avrilenko roreeva. orotkov rasiini

the spectrum probably should correspond to transitions from Kuznetsov, M. D. Moldavskaya, V. V. Nikonorov, and L. V. Paramonov,

the ground state to statég (1) andLg (2), i.e., transitions JETP Lett.65, 209 (1997.

of type 1s—2p. (since for large subband splittings the °R. L. Jones and P. Fisher, Phys. RevQR 2016 (1970.

Spectrum becomes similar to the Spectrum of a donor' fojr'GV. Ya. Aleshkin, N. A. Bekin, I. V. Erofeeva, V. |. Gavrilinko, Z. F.

; - ; — : Krasil'nik, O. A. Kuznetsov, M. D. Moldavskaya, V. V. Nikonorov, and
which the transition to the lower-lying state415 (2po) is V. M. Tsvetkov, Lithuanian J. Phy&5, 368(1995 [in Lithuaniar.

forbidden for light at normal incidengeFrom Fig. 1 itiS  17a A Reeder, J-M. Mercy, and B. D. McCombe, IEEE J. Quantum
clear that this transition should correspond to the line at Electron.24 1690 (1988.

fiw~ 5.5 meV, whereas in the experimental spectra the®S: Holms, J-P. Cheng, B. D. McCombe, and W. Schaff, Phys. Rev. Lett.
short-wavelength edge of the intense photoconductivity band 69, 2571(1992.
corresponds to a photon energyfob~ 50 meV. This dis-  Translated by Frank J. Crown



