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We presents a calculation of acceptor energy states in Ge/GeSi heterostructures in the presence of a magnetic
field performed within an effective mass approach. Both spatial quantization and the effect of the strain due to
the mismatch between the Ge and GeSi layers have been accounted for. Together with energy states and
wavefunctions we have calculated the matrix elements associated with the electromagnetic interaction in the
dipole approximation. The results so obtained have provided the basis for a microscopic interpretation of
photoresponse spectra as a function of the magnetic field up to 50 kOe, which were measured at 4.2 K. The
theory is found to agree satisfactorily with experiments and has enabled us to obtain a close correlation
between the photoresponse spectra and the spatial profile of the acceptor concentration inside the heterostruc-
ture.
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[. INTRODUCTION The theoretical description of shallow impurities in semi-
conductor structures is a major area of interest since many

Strained heterostructurédS’s) based on Ge and Si are of year.sg.‘8 Despite of that, an exact analytical solution of the

considerable interest because of the wide range of physic&chralinger equation for the dondacceptoy state in the

properties which can be modeled through band structure efrésence of a magnetic field, to our knowledge, is not avail-
gineering and then applied to advanced electronic device@ble in the literature, and more or less approximate methods
Here we focus our attention to the energy states of shalloyvere generally used. To this purpose, many different ap-
impurity centers which control the photoconduction proper-Proaches have been employed in both bulk and QW systems.
ties of the structure and can be conveniently used to developMong them, the most common approaches make use of
photodetectors in the far and mid infrared range. From on ertu_rbatlon., variational, or adiabatic methods. A compre-
hand, when compared with the ideal hydrogen like model o Ensive review f_or bul_k systen;s V\;]as made in R?fs- 9, and
the bulk, it is known that size quantization in a multiple 10. More recent investigations for the case of multi-QW sys-

quantum-well(QW) heterostructure leads to a binding en_tems can be found in Ref. .11_ for donors and.Ref. 12 for
ergy which (i) increasegfor about a factor of 4Ref. 1] acceptors. However, the majority of the theoretical methods

hen the | : s | d at th £ th Wused so far meet with difficulties in providing reliable results
when the impurity center is located at the center of the QWy, onergies and wave functions of highly excited impurity

and(ii) decreases systematically when the impurity center i§a1es, such as metastable or so-called autoionization States.
moved from the center of the QW to the center of the barrierrherefore, there is still an open interest in providing a rigor-

On the other hand, the valence band of Ge and Si is knowgys theoretical framework able to include highly excited
to be degenerate at thg; point and to consist of light and states.

heavy holes subbands. Biaxial stress of Ge laygusntum The aim of the present work is to address this issue by
well layers, due to the difference between the Ge and thedeveloping a model for shallow acceptor impurities in
GeSi alloy lattice constants, causes the splitting of the vamulti-QW HS, and apply it to Ge/Ge,Si,(111) HS where
lence band and, as a consequence, a considerable decreasexi$ting photoconductive experimettcan be microscopi-
the value of the effective mass at the top of the valence bandaally interpreted. The method is based on the diagonalization
As a result, the acceptor binding energy is expected to desf the total Hamiltonian of an acceptor impurity using as a
crease significantly. Accordingly, the opportunity is providedbasis set the eigenfunctions in the absence of the impurity
to engineer the energy spectra of shallow acceptors by varyotential. A similar technique has been used earlier to find
ing compositional and structure parameters such as thine acceptor states in a Ge/G@3il) HS quantum well, but
widths of the Ge and alloy layers, the Si concentration in thewithout including the presence of a magnetic fi€ldThe
alloy, etc. We further note that an external magnetic fieldcalculations carried out in this work allow us to provide a
aligned with the HS axis induces the quantization of carrierigorous description of energy states, wavefunctions, matrix
motion in the QW plane, splits the acceptor states, and imelement for optical transition, etc., as functions of magnetic
poses simple selection rules for the dipole optical transitiongield, location of the impurity center inside the HS elemen-
in the high field limit similar to the case of donors in bulk tary cell, intrinsic strain, and quantum confinement. The re-
semiconductors. sults will shed new light in the interpretation of the main
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features observed in the photoconductivity spectra of un-

doped, with residual acceptors, Ge/GeSi multiple QW F:=[v1(2)+v3(2)]

heterostructure¥ The validation of the theoretical approach

may prove useful in terms of developing further modeling of 3 MoC

impurity photodetectors for the far and mid-IR ranges. Tkt T ohH
The content of the paper is summarized as follows. Sec-

tion Il presents the theoretical approach. Results are reported

in Sec. Ill for the energy levels and the photoconductance. G, =[ y,(z)— y3(2)]

Major conclusions are drawn in Sec. IV.
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1. THEORETICAL APPROACH 2 heH \/§

The physical system of interest is a multi-QW HS consist- R 1 ..
ing of a large numbe(162 in the considered H®f Ge/GeSi | = 5[[3/2(2) +2vy5(2)]a” 2= 2[y,(2)— ys(z)]§{§a+}
periods in the presence of a magnetic field applied in the
direction of the structure growth. The elementary cell con- 5 1
sists of a quantum'we[IGe) foIIowgd py a quantum barrier H=— \[5{[272(2)+ 73(2)]5{5617}_[72(2)
(QB) (GeS). The width of the barrier is sufficiently large to
justify the decoupling of one elementary structure from the
others. The whole width of the HS exceeds the critical value — y?,(z)]él+ 21,
providing stress relaxation between the Ge substrate and the
HS and, as a _consequence, the elastic biaxial (_jeform_ation fere ZZRZ?\, with Rz the z component of the momentum
bpth. the GeSi and G_e layers. The acceptor. impurities arBperator,\ = \/ch/(eH) is the magnetic lengtre the modu-
distributed randomly in the structure as:cozdmg to the unqys of the electron chargéd the magnetic fieldg the light
doped (with re_S|duaI. acpepta)rconflguratlonl. We remark  yelocity, m, the free electron mass, and(z) the quantum
that the x-ray investigations of these structures have showeagle|| potential. Due to the layered structure the material spe-
that there is a Single lattice constant of the Superlattice dlfC|f|C parameters such as the Luttinger band parametgrs
ferent from that of the substrat®.Our main objective is t0 v, ., «,1° deformation potential coupling constaitz),
calculate the erllergy |§\_/e|5 and the wave _fur?gtlop]s 0{ an ags well as the components of the deformation temsg(z),
ceptor impurity located in a given position inside the elemen- ET, .
tary cell in the presence of a magnetic field and of an internanX(Z) (OX([110]) depend ore
strain. Then, we aim at interpreting experimental results of

L. . e “ J e
photoconductivity spectra in the presence of a magnetic field. 3= :_[ —i—t —A, | *i—
To this purpose we consider the electron motion in the Cou- J2 ax  he V2
lomb potential of the acceptor center in a strained QW HS in R .

a magnetic field applied in the direction of structure growthHerea™ is the creation and~ the annihilation operators
(OZ axis|[[111]). Furthermore, charge effect at the hetero-whose form is determined by the gauge of the vector poten-
interface is negligible because the difference of dielectrictial A. The expressiofab}=1/2(ab+ba) designates the
constants at the heterointerface is snilas than 3%due to  anticommutator of operators in the brackets, and is here in-
the small Si content in the barri¢t2%). The 4<4 Hamil-  troduced to keep the Hamiltonian Hermitian at the
tonian describing the motion of the e|ectrdjﬁ-|||:|||:|l_|| boundaryl. The fact that the Hamiltonian is Hermitian allows
+|||:|dH+||HQW”+0q is taken as the sum of the following YS to ob_tain_ the boun_da_ry conditions_by integrating this
four terms: (i) the Luttinger Hamiltonian in a magnetic Hamiltonian in the proximity of a heterointerface.
field Y’ (ii) the potential describing deformation effesjii ) By detailing the model, we note that band and other pa-
the potential of a rectangular quantum wély) the Cou- rameters in the a!loy are calculated using a Imeay mterpolg-
lomb potential. Without the latter term this Hamiltonian, asion from Ge to Si parameter values. Since the Si content in
written for the envelope wave functions, has the form the _structure_under conS|derat_|0n does not e_zxceed_lZ%, such
an interpolation would not bring any significant difference
with respect to more rigorous approacR&sccordingly,

N J e

_IW—’_%AY . (2

F, H | 0 taking x as the Si content in the alloy, it ig;=—13.38(1
N —X)—4.2X%, y,=—4.24(1-x)—0.3%, y3=—5.69(1-x)
If1g|= heH|H™ G, 0 ' @ —1.44, and k= —3.24, where bulk values are taken from
M mec ] 1t 0 G —H Ref. 21. The deformation terms in the Ge layer of the QW
0 I* -H* E and in the GeSi layer of the QB are accounted as follows:
. . . . ex=alag—1, &,,= 20t 2012 20ud) e, (3
with the Hamiltonian elements given by C11+2C 5+ 4Cyy
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wherea,=5.65 A is the lattice constant of the unstrained GeHere sgn) is equal to 1 ifM=0 or to -1 if M<0. The

in the case of QW layer and, (A) =5.65—0.24x(1—X) Landau states are infinitely degenerate with respedito
—0.22 is the lattice constant of the unstrained QB mate-such thatM=—o, ...,—1,0,...n. The equations ob-
rial. The argumend is the in-plain lattice constant of the full tained by substituting Eg4) into Eq. (1) are solved using
structure determined from x-ray diffraction mesurments. Thethe transfer-matrix technigqufé and assuming an exponential
modulus of elasticity are calculated ag=12.8529(1x) decay off'j{j =1,...,4 in the barriers.

+16.7&, €1,=4.826(1-X)+6.52%, C44=6.68(1—x) Since n cannot be negative, appropriate components of
+7.95%. The expression for the deformation potential cou-the function WM should be set equal to 0. Thus, only a

pling constant is taken asl (meV)=—532—5500(1  component containing(z) for n=0 is different from zero,
—x). Band offset is accounted for by following Ref. 22. o it is necessary to solve only one differential equation to
Accord_lngly, we have calc_ulated the energy of the valencgiq the wave function. Fon=1 andn=2 the problem of
band in the QW and in the alloy ag&,(x) (meV)  finging the basis functions is reduced to solve two and three
=[—20a (A) +236.3(1-x)/0.22+A/3, there A (meV) ifferential equations, respectively. For-2 the same prob-
=300-260x is the energy of the spin-orbit splitting. Then, |em is reduced to solve four differential equations.
the valence band offset is calculated fréip(x) —E,(0). Here we are interested in the impurity states whose wave
The eigenfunctions of the Hamiltonian in EQ) are com-  fynctions are localized in the QW regardless of the position
puted in the vector potential gauge specifiedAy 1/ZH  of the impurity inside the HS. For such states we may ne-
><F] and using the axial approximation in which the nondi- glect the wave functions of the continuous spectrum above
agonal terms proportional toyg— y3) (which is related to the barrier, which constitute a part of the complete set of
the anisotropy in the plane of the QW layare neglected!  basis functions, and write the acceptor wave function as
This approximation is fully justified within a first order per-

turbation theory. In this case, the projection of the electron - Imax  Nmax V-

angular momentum on th®Z axis, J,, is an integral of ¢ (9,9,2)?21 B II\%M B CinVin(p.0,2). (7
motion and the wave functions of the basis states have the =1 =l ]

form

The expansion coefficients',vy'n are rapidly decreasing at in-

FiN(2)U sp_3(p, 6) creasingi and n. Therefore, we may truncate the series at
4 n-3M=3t SOME Ny ANd i sy, These maximum numbers are chosen
3" (Z)Un—2m—2(p,0) from the condition that the energy of the last state which is
fiz’n(Z)Un—1M—1(P,9) (4)  taken into account in the_ e>_<paps_ion should be much_ higher
. ’ than that of the acceptor ionizatidie., Ny, [ M ag]?, with

fr(2)unm(p, 0) ag the Bohr radius of the impurity, anth.,e[dge/agl?,
Each of the basic states is characterized by a quantum nujN€rédce is the QW width. In the matrix representation the
bern (n=r+[|M|+M]/2, r=0,1, ..., with M=J,/% solution of the Schroedinger equation is reduced to the di-

agonalization of a Hermitian matri}D|| with elements

\I_}i'\,/ln(p! 012) =

+3/2) labeling the Landau level, by a wave function parity
with respect to the planXQOY, and by the index which

labels the levels of size quantizatiofi;is the angle in the Ditj2n1n2
XOoY plane;f'j(z) are functions to be defined anu, y is —§LiZEM 2,
the normalized Landau wave functfon nin2=iinl '

4 i1nl i2n2\%
; 2m (oo feUny o m—if 7 Unoo g w1 (F77)
1 [ 10 exgiMe) xS f f f , ,
un,M(Pna):X (r+|M|)| X‘MV2 =1 J0 - J0 R p2+(z_zi)2

N2
X pdpdzdd, (8)
2
X expl —x/2)L|rM|(x),x: %, (5) wheree, is the relative refraction coefficient of GEM’nl are

the energies of the basis statesjs the coordinate defining
the location of an impurity atom as measured from the center
of the QW. The numben,,,, grows at reducing the magnetic
field, and the dimension of the matrpD| is increased si-
multaneously. The increased complexity of calculations

wherep is the radius in cylindrical coordinates ah«ﬂ""(x)
are the Laguerre polynomiat$in the vector-potential gauge
used here, the creation and annihilation operators are repr

sented as makes the present method not appealing to be used in a weak
A i Nd p magnetic field H<10 kOe in our case
at=— —exp i 9)[)\ _|( — 4= } The interaction of the electromagnetic radiation with an
V2 d do N electron can be described by introducing an electric field
N from a scalar potential ag= — E-f. Let us consider a cir-
a’[unm)=iVn+1xsgnM)|uyi1ms1), cular polarized wave in which the electric field vector rotates
in the same direction as that of the electron in a magnetic
é*|un,M): —iVnxsgnMm —D)|up—1m-1)- (6)  field. In this case the scalar potential takes the form

155336-3



ALESHKIN, GAVRILENKO, VEKSLER, AND REGGIANI

o=—E(x+iy)exp —iwt)—E(x—iy)expiwt) (9)
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changes by unity AM=*1). Thus, the resulting expres-
sions for the matrix elements of optical dipole transitions are

with  the circular frequency. The first sum on the right- given by
hand side of Eq(9) describes the process of photon absorp-

tion, and the second one that of photon emission. Accord-
ingly, the process of absorption is determined by a matrix
element of the operatg™ =&+iy and the process of emis-
sion by that of the operatox™ =X—iy (the meanings of
these operators are interchanged in the case of the opposite
polarization. The matrix elements of optical transitions be-

tween different acceptor states|¢>MS(p 0,z)) and

|<pt Y(p,0,2)) are calculated using Eq&l)—(7). Accordingly,
we have obtained

imax | max

" Nmax Nmax
(G816 =2 X

. . *
it=1ig=1 ne=[IM{| ng=[|Mg] Is'ns 't'”t
+Ml]/2 +MS]/2
fzwf f
— o0

where

Jo J L on

4 o) . .
=2f fo"s(2)[f,""(2)]* dz
=1 —x

i\ tn )* pdpdzds, (10

) pdpdzde

27
XJO jo Un_—1,m—1(P, )X Up 1 m,~1(p, 0) pdpd @

4
5, | e

X[f:"nt(Z)]*dZ<UnS—|,MS—|(P,9)|>A(i|unt—|,Mt—|(P,0)>-
(11)

(@ x|t
'max max nmax nmax

M+1 )*
| ng |t n
it= lls—l ne=[[M| ng=[[M+1]

+M]/2 +M+1]/2

X sgriM)N2
4
le [5ns,nt+1*/”t_' f_ fio"s(f,0 ™ * dz

—5ns,n[\/nt—|v|f fios(foM*dz| (149
and
(@8 Mzt et
imax imax Nmax Nmax
i= 1|sflnt2w ng= %,. s (€l
+M]2 +M-1]/2
xsgr(M—l))\\/E
4
X2 [fx Nﬁf fio () ") dz
ExN R —w
_5ns,ntVnt_(M_1)f f:syns(f:t’nt)*dz. (14b)

In the above Eqs.14a and(14b) the expressions under the
square roots must be positive, in the opposite case they are
replaced by zero.

We note that the use of the matrix element of the velocity

operatorV (gauge for the light wavep=0, A=icE/w)?®
provides the same results as for the case when use is made of

Now, we look for the relation between the matrix elements ofthe matrix element of the position operafo[rsee Eq(16) of

the operatork™ (X7) anda* (&™) in the set of functions

{upmIn=0,1,...9#;M=~0o, ... n—1n}. These matrix
elements are obtained directly by using E@s.and(6). For
the nondiagonal matrix elements it is

<un+l,M+l|$(+|un,M>: _i)\\/§<un+1,M+l|a+|un,M>1

<un,M|5\(7|un+1,M+1>:i)\\/§<un,M|é—7|un+l,M+1>- (12

For the matrix elements diagonal with respechti is?

(Unm+ 2] un ) =(Un m|X " [Up M+1)
=—sgnM)y2xyn—M.

All other matrix elements are equal to zero. Equati¢h®

13

Sec. 1l B] for the calculation of the hole transition probabil-
ity due to light absorption. Indeed, by recalling the well
known relation

N drSt

i
st— dt g(Es_ Et)rst

oH N

(7'2 - % [H r]st_
st

and taking into account energy conservatiohwE E;

Es), one obtains the same result for both representations.
However, when calculating the photoresponse, the use of the
position representation is more adequate, because it gives
physically sound results in the low-frequency linat— 0.
Indeed, the use of the velocity operator for the photoresponse
(photoabsorptiohcalculation has the drawback of leading to
an infinite value foro—0.2’ This fact is due to the incorrect

and (13) reflect the fact that, owing to conservation of the use of perturbation theory in the gauge0, A=icE/w for
angular momentum projection, optical dipole transitions inw tending to zero. We stress that the use we made here of the

the Faraday configuration are allowed only whign(J,)

position representation has the advantage of overcoming this
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[f] FIG. 2. Two lowest %-like states referred ad,=—(3/2)%
1 (solid lineg and J,= +(3/2)% (dashed linesfor the acceptor lo-
204 cated in the center of the QW versus the magnetic field. The four
1 higher energy states refer to the fan chart of the lowest Landau
levels of free holes in the QW. For the notations used see the text.
0 = different groups of states with corresponding wave functions

of even(solid lineg and odd(dashed linesparity with re-
spect to theXOY plane. Let us classify these statesNs
H (kOe) +;. Here+ or — desi i i i

+i. gnates the wave function parity with

FIG. 1. Fan chart of the calculated basis state energies as @SPeCt {0 th&XOY plane,i labels the size quantization sub-
function of the magnetic field. Here and in all other figures thePand,N and numbers the state in each group of states with
energy is referred to holes and thus the energy axis is directethe same parity in each subband with respect to the energy
upward. Solid and dashed lines correspond to the states with theicrease N=0,1, . .. ). The first state at the lowest energy
wave functions, respectively, of even and odd parity with respect tan Fig. 1 is the state of even parity and has a dominant
the XOY plane. envelop function component,. This component corre-
sponds to the Bloch functiog®3,=(|X|)—i|Y]))/\2,®
Pe., to heavy hole (hh) subband with effective spin antipar-
allel with the magnetic field direction. We mark this state as
0+ 4. The second state at higher energy f(dashed lingis
connected with the Bloch function ¢%3,=(]X1)

In the following we present the results concerning the+i|Y1))/y2 and has thé,; as a dominant component of the
acceptor states in the elementary cell of the HS and theanvelope function. This state represents the zero Landau
these results are applied to model the spectra of the photoréevel in the heavy hole subband with the spin oriented par-
sponse of the whole HS. Calculations are specialized for allel with magnetic field (hh). The acceptor ground state in
structure where the photoresponse was measured in the prese above structure is twofold degenerate. The magnetic field
ence of a magnetic fieftf. splits the ground state into two states with different values of

J,.
A. Acceptor states Figure 2 reports the splitted ground states of an acceptor

Calculations are performed for the Ge{GSiy1{111) located in the center of the QW. The continuous curve cor-
multilayer HS No. 306 @ge=dgesr=200 A, number of pe- responds td,= —(3/2)h, and the dgshed curve is related to
riods 162 containing quantum wells in the strained layers ofJz= (3/2). Such an acceptor location preserves the symme-
Ge (e,,=2.1x1073). Residual acceptors with a concentra- try of the system and the acceptor wave function parity is a
tion of the order of 18 cm™3 were found in this undoped “9ood” guantum number. Therefore, the lowest acceptor
HS* In the present calculations,,,, is taken equal to 30 State in Fig. 2 is related only to thé+; basis states and the
andi . representing the double number of size quantizaacceptor state wit,=(3/2)% is connected only withN—;
tion levels in the QW, is taken at most equal to 16. basis states. The lowest Landau levels in the first subband of

Figure 1 shows the fan charts of the calculated basisize quantization of the free holes are reported by the dotted
states, which are essentially Landau states, at different enegurves in Fig. 2. The rare dots represent tie o and N
gies as a function of the magnetic field. At zero magnetic—; Landau levels. We note, that the two acceptor ground
field, all states collapse on the 8 subband of size quantizsstates, which binding energies systematically increase with
tion. The fourth subband of size quantization in Fig(at =~ magnetic field, exhibit an energy splitting similar to that of
30.5 meVj corresponds to the light hole subband. In each farthe two N=0 Landau levels. We consider further optical
chart related to the size gantization subband there are twiwansitions only from the lowest acceptor state with

drawback by providing a photoresponse value which tends t
zero in the limit of vanishing frequency whes—0.

IIl. RESULTS AND DISCUSSION
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=—(3/2h (M=0) since the higher statdwith J, 19 199
=(3/2)4] is not populated affl=4.2 K, the temperature 5 §] R |
used in Ref. 14. 6 E ¢
In the limit of high magnetic fields, when the magnetic z 3P 2 thj (a)
length is comparable with the localization radius of the im- ] % iim
purity state, the wave function of the acceptor state is mostly e P R
determined by the magnetic fiéfd>?2and is similar to the matrix elements  matrix elements
wave function belonging to one of tHd degenerate states 20- o :190
corresponding to th&lth Landau level from which this ac- Lz T -8
ceptor state is formed. 15 /_:;zf;;;;Z::ZZ
Figure 3 reports the energies of the excited states for an ~ _z°%2 z E ==%" . Z
acceptor located at the center of the QW calculated With E 10y zz22-2--222°" .
==*1, respectively, Figs. (8 and 3b), to which optical S=f f:i;==:"-“::::==' 2
transitions from the ground state are allowed. Since we con- 50 3 - : | I B
sider intermediate magnetic fields, it is difficult to classify g o] -
unambiguously these states in terms of low- or high-field - "'“\‘Z'p “““““ -7
limits. Indeed, the physical picture is neither high-field 51 . ‘ : ,
Landau-like nor low-field hydrogenlike. Since the energy 10 20 30 40 50
separation between basis states is less than or comparable to H (kOe)
the ionization energy, acceptor states are formed by many
basis states. Let us hame the ground state stdte and the
lowest excited states in Figs(a&3 and 3b) as 2p_; and 18 101
2p ., states, respectively. This notation could be justified by 5 8 g 5B
the fact that the dominant component of the four component E 6 g 6
envelope function of these states has the same symmetry as ERp | 2 Zj (b)
the wave functions of the above states in the case of 23 g 3
donors?®=*3 The insets in Fig. 3 report the dimensionless s 1 1
. . .. ~ 0.0 0.2 04 0.6 0.0 0.2 04 0.6
matrix elements for optical transitiong|x~|)/\2\) related matrix elements matrix elements
to transitions from the ground to the excited states labeled 20. /190
with d|ffe_r¢nt numbers. As expec_ted, we found_that th_e opti- % .
cal transitions $—2p..; are dominant, and their matrix el- 151 / //,///// g
ements become the most relevant ones in high magnetic . / 4
field, where the numbeX of a Landau level becomes a good % 101 == ///// 3
guantum number. Furthermore, at high fields and in the given g = :// 5
Faraday configuration the dominant transitions are those with > 5 T e el
AN==*1 andAN=0 between the states with the same par- %” /\/
ity. S 0]
Figure 4a) reports the acceptor energy states 2p.; a \2P+1
and the forth upper state as a function of the magnetic field -5

for the impurity ion located in the QW cent&olid line) and 10 20 30 40 -0
in the QB center(dashed lines As expected, the energy of H. (ke

the 2p., state increases linearly with magnetic field until it 1. 3. Series of calculated excited states with, respectivaly,
anticrosses with the forth upper state. When moving from thg = —1 and(b) M= +1 bound to an acceptor ion located in the
center of the QW to the center of the QB, the ground stat@enter of the QW versus the magnetic field. The insets show the
becomes significantly more shallow, and the energy of the it des of the dimensionless matrix elemeis*|f)/ 2\ as-

excited states increases systematically to a lower extent. Figociated with optical transitions from the ground state)(f the
ure 4b) reports the dimensionless matrix elements of th@apeled state at the given magnetic field intensity.

transitions 5—2p_;, 1s—2p.; and from the % to the

forth upper state for an acceptor located at the center of QuWground state to the states bound to the Landau levels in the
Here the first two matrix elements proved to behave in a verfirst subband of the size quantization are characterized by
similar way systematically increasing up to a magnetic fieldmatrix elements tending to zero. Due to a reduced localiza-
value of about 40 kOe. Then, the second matrix elemention of the wave function in the Coulomb potential of an
starts decreasing significantly by crossing the third matridmpurity located at the barrier, the properties of an impurity
element because of the anticrossing behavior of the corrdocated in center of the QB are found to reach the asymptotic
sponding energy states related to different subbands. In aralues of the high magnetic field earlier than those of an
case, in the limit of high magnetic fields we find that theimpurity located in the center of the QW. For the case
1s—2p_, and 1s—2p, ; transitions matrix elements have a =40 kOe,  the  dimensionless  matrix  elements
tendency to approach unity. All other transitions from the((1s|x*|2p.)/\2\) corresponding to the basic transitions
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FIG. 5. Acceptor state energiésontinuous linesand Landau
0.8 - states of free hole&otted line$ as a function of the acceptor po-
@ . sition inside the elementary cell of a HS for a magnetic field
é 0.6 =50 kOe. The zero of the energy is taken to coincide with the
K* 04_' bottom of the valence band for heavy holes in pure Ge.
.M h
£ 021 is placed in the barrier far from the heterointerface. In other
= 0.0 l o~ words, if the QW is deeper than the impurity binding energy
T o 1'0 2'0 3'0 4'0 5'0 in the bulk material then the ground state of both the impu-

H (kO¢) rity located at the well and the impurity located at the barrier
is always formed by the hole wave functions in the QW
FIG. 4. (a) Acceptor energies states versus the magnetic field irather than those in the bulk even if the impurity is located
the Ge/GeSi HS No. 306 of Ref. 14. Calculations refer to an accepfar in the barrier(in the last case the impurity ion located at
tor located in the center of the Q@olid lines and in the center of  the barrier binds the hole in the QWThis fact is well
the QB (dashed lines (b) Amplitudes of the matrix elements for known and has been discussed in the literatuFeirther-
optical transitions from the ground state to tm_a (dashed I|n¢ more, the effect of the quantum confinement on the acceptor
and to the ®,, and the higher statésolid lines, respectively, pinding energy in unstrained QW is dual. From one hand the
versus the magnetic field for an acceptor located in the center of thegnfinement implies an increase of the binding energy due to
QW. the additional localization of the acceptor wave function near
the impurity ion(just as in the case of dongrsHowever,
1s—2p,; and 1s—2p_; for an acceptor centered at the from another hand the confinement leads to the splitting of
barrier also tend to unity and reach practically the value othe valence band thus decreasing the hole effective mass and
0.8 (to be compared with the value of 0.5 for the center ofthe acceptor binding energy. According to present calcula-
the quantum well In this system there is also the possibility tions, in an unstrained Ge QW of 200 A width, these two
for transitions to higher excited states belonging to the seceffects just compensate each other.
ond and third subbands. Figure 6 reports the dimensionless square matrix elements
However, in the present case the corresponding matriof optical transitions from the ground state to all the excited
elements are found to be negligibly small. Our interest to thestates as a function of the transition energy b= 40 kOe
location of acceptors at the high symmetric points, such ag) and forH =15 kOe(b), respectively. With the purpose of
the center of the QW and that of the QB, is now extended tanodeling a uniform impurity distribution, the square matrix
all the intermediate points, as shown in Fig. 5. Here theslements are calculated in 20 equidistant layers starting from
energy levels of the 4 ground state and the first two excited the center of the QB and ending at the center of the QW, thus
p states are reported as a function of the acceptor positiosampling the whole elementary cell of Fig. 5. We note that a
inside the elementary cell of the HS fet=50 kOe. Fur- first group of lines in Fig. @) covers the range of energies
thermore, for reason of completeness Fig. 5 also shows thieom about 1 to 6 meV. They refer to transitions from the 1
positions of the lowest Landau levels of free holes in theground state to the 2 ; excited state and their magnitude
QW. As expected, the ground state energy is found to bedecreases systematically in going from the center of the QB
come two times closer to the bottom of the valence bandlabeled as line 0 in the figureo the center of the QW
(i.e., to the lowest Landau leyeWwhen the acceptor moves (labeled as line 11 This dependence reflects the fact that the
from the center of the QW to that of the QB while the ex- wave functions of acceptor states becomes more localized in
cited states positions do not change so significantly. Fronthe XOY plane when the impurity is located in the center of
Fig. 5 we notice, that the ionization enerfyere denoted as the QW. This fact reduces the functions overlap in the inte-
the difference between the ground impurity state and the boggral determining the transition matrix element when going
tom of the lowest fredé2D) hole subband in the QW in the from the center of the QB to that of the QW. Furthermore,
absence of an impuritytends to zero when the impurity ion the lines are denser near to the extremes. A second group of
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- 1.0 - We note that a uniform distribution and an equally concen-
< ) 2 trated distribution at the two symmetric centers gives practi-
2 g3 ‘ cally the same main features for the photoresponse spectra,
- 7 (a) because of the increase of the line density near the four peaks
% 1 corresponding to the symmetric centers in case of the uni-
£ 0.6 form distribution. In the case of a low magnetic field, as
2 | reported in Fig. &), we note the natural tendency of the
e 1 3 peaks labeled as 2 and 3 to overlap with the peaks labeled as
2 044
7 0 and 1.
5 |
£ ]
3 0.2 4 B. Photoresponse
= 1 In the absence of a magnetic field, charge transfer in the
Z 004 s plane of the quantum well occurs in subbands of size quan-
0 5 10 15 20 tization. The presence of a magnetic field gives rise to Lan-
fio (meV) dau levels in each subband. With the gauge used here, the
Landau levels are infinitely degenerate with respectvto
1.0 - (J,), and the set of wave functions for each level can be used
§ to form a propagating solution. The Coulomb potential of the
£ ] b impurity center breaks this degeneracy. Since the character-
< 084 ( ) istic size of the localized state increases with increafimg
E i the states that are mostly shifted in energy are those with a
E 06 } | small|M| [we find that the electron occupying the acceptor
2 T ground state haM =0, i.e.J,= —(3/2)%]. The states with
2 . 1 high values offM| are practically not changed by the Cou-
2 0.4 ‘ lomb potential and remaining infinitely degenerate they con-
g | trol charge transfer in the presence of a magnetic field. As
£ 3 mentioned above, according to the selection rules, the optical
; 0.2 4 ‘ transitions between the impurity states in the Faraday con-
= . figuration are allowed only with M = =1 for both right and
g 0.0 ey eyt left polarized radiation. Therefore, the transitions from the
0 5 10 L5 20 acceptor ground state directly into the continutiormed by
Ho (meV) states with high values dM| originating from the Landau

levels in the presence of an impujitare forbidden. After
FIG. 6. Oscillator strength as a function of the transition energyPhoton absorption, an electron bound up with the acceptor
from the ground state to all excited states for a magnetic field ground state turns into the exited state. However, the pres-
=40 kOe(a) andH=15 kOe (b). We consider all optical transi- €nce of an electric fieldPooI-FrenkeI effect, impact ioniza-
tions which are allowed and with energies up to 20 meV for alltion of excited states, eff) or a multiple absorption of
layers(with step 1 nmiin the HS period of Fig. 5. acoustic phonons are likely to ionize an acceptor from the
excited state, what ensures a charge transfer. In this case the

lines in Fig. Ga) covers the range of energies from about 8 tosurface concentration of free holes generated per unit time is

13 meV. They refer to transitionsst2p. ;. The left-hand
side of this bandlabeled as line Rcorresponds to the tran-
sition energy between states of acceptor located in the center
of the QB and the right hand sidéabeled as line Bcorre- ) ) . . )
sponds to the acceptor in the center of the QW. In this ban¥heren; is the in plane impurity surface concentration of the
there is a secondary maximum at an energy of about 10 megonsidered layer an@, is the ionization probability of the
which is associated with the anticrossing exhibited by theexcited state

2p., and the next higher level. The lines concentrate at [t), fs, andf, are the occupation factors of the ground
transition energies for acceptors situated near the centers 8fd excited states, respectivelys ., is the transition prob-
both the QW and the QB. Furthermore, there are some tail@bility per unit time between the ground sta® and the

of lines evidencing some small contributions associated witexcited statet) decribed by the Hamiltonian in EqL) with
transitions from the & ground state to higher excited states eigenstate&s andE,, and given by Fermy golden rule

not reported in Fig. 5. If we suppose that the acceptor is

located only in the center of the QW, then we would obtain 2m(eE)?
only the two peaks labeled as 1 and 3. By contrast, if the s—=tT g
acceptor is located only in the center of the QB we would

obtain only the two peaks labeled as 0 and 2. A distributed’he photorespons&(w), which represents the total current
location of the acceptors implies the existence of four peakshrough the HS, is proportional tg,4 and is expressed as

Ihg=ni2 PW,_(f—fy), (15)

[(s|X*|t)|?X 8(Es— Ey+hw).  (16)
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FIG. 8. Spectral positions of the photoconductivity peaks as
observed experimentallfull symbolg and calculated theoretically

0 5 10 15 20 25 (open symbolsas a function of the magnetic field. The meaning of
Ao (meV) the different symbols is as followsD: 1s—2p,, transition be-
tween acceptor states located in the center of the QB identified as
FIG. 7. FIR photoconductivity spectra of the undoped line 3; A: 1s—2p,, transition between acceptor states Ic_)(_:ated at
Ge/Gg gsSin.1» (111) sample No. 306 at different values of magnetic the center of the QB identified as line 2;: 1s—2p_, transitions
fields as reported in Ref. 14 with a residual acceptor concentratioR€tween acceptor states located in the center of the QW identified as
of the order of 18 cm™3 (solid lineg. Measurements were per- line 1; andV: 1s—2p_, transitions between acceptor states lo-

formed in the far-IR range af=4.2 K with a BOMEM DA3.36  cated in the center of the QB identified as linélis line is outside

Fourier-transform spectrometer in the Faraday configuraﬂﬂiﬁ( the spectral range of the experimental appajatus

E.LH). Alateral dc electric field of 2-3 V/cntbelow the impact  electric field of 2—3 V/cm at constant magnetic fields using a
ionization thresholfwas applied to the sample. Arrows 0, 1, 2, and BOMEM DA3.36 Fourier-transform spectrometer. The mag-
3 designate the peaks in the spectra associated with the peaks of thgtjc field was applied along the HS axis, and the measure-

oscillators strength lines in Fig. 6. Dashed curves are the photocon- . . e
nfigurati
ductivity spectra calculated from Eq14) of the text. Both the I}Pents were made in the Faraday configuratiddH,

experimental and theoretical values of each spectrum are normaF«-H). The experimental spectra were found to exhibit
ized to the maximum value. three peaks labeled, respectively, as 1, 2, and 3 in the figure.

Peak 1 shows to be practically independent of the magnetic
field and to merge with peak 2 at lowering the magnetic field.

J(w)ocj > P(fs—f(sIx™|t)|2 Peaks 2 and 3 exhibit linear blueshifts with the increase of
dget dgesi t the magnetic field. A forth peak, labeled as 0 in the figure, is
predicted theoretically but at energies corresponding to fre-

> E dz . (17) quencues below the experimental low limit. The measured

(Es— Ei+hw)?+(EL/2)? photoconductivity spectrum and the magnetic field behavior

of different peaks can be interpreted on the basis of the en-

Here the integral is taken over the elementary cell of theergy spectrum and wave functions of the acceptor centers as
structure(see Fig. % and thes function in Eq.(13) is re-  reported in the following. The spectra in Fig. 7 are just ob-
placed by a Lorentzian broadenigith E_ =1 meV) with  tained from the data given in Fig. 6 with a fitting broadening
the same phenomenological line width for all the transitionsfactor of 1 meV which accounts for some phenomenological
To simplify the calculations, and in the absence of an exaclinewidth. The sharp transition peaks in Fig. 7 is mostly a
knowledge of the ionization mechanism, we assumed, thatonsequence of the singularity of the density of states which
P.=1 for all the excited states. Also we assume a uniformtakes place at the symmetric points, such as the centers of the
distribution of impurity over the HS. QW and QB. In particular, from the results of Fig. 6, the

The quantity on the right-hand sidRHS) of Eq. (14) is  lines 1 and 3 are associated with the energy levels of the
calculated using the matrix elements reported in Fig. 6 an@dcceptor located in the center of the QW, while the lines 0
the obtained spectrum is normalized to its maximum value tand 2 are associated with the acceptors located at the center
be compared with experiments. of the QB. The general features of the experiments are re-

Figure 7 reports four typical spectra of the measured phoproduced by theory. In any case, the position of the peaks
toconductivity at different magnetic fields taken from Ref. 14and their broadening is still subjected to minor quantitative
(solid lineg together with present theoretical calculationsimprovements.
(dashed lines For the convenience of comparison with the  For a more detailed comparison between theory and ex-
theory, the experimental curves are normalized to their maxiperiments, Fig. 8 reports the energy position of different
mum value. The impurity photoconductivity spectra in thepeaks as a function of the magnetic field. These positions are
far-IR range were measured &t=4.2 K with an applied determined from the experimental photoconductivity spectra
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and from the calculated ones. By focusing on the region ofnade here of a uniform impurity distributiofiv) The A™
magnetic fields above 10 kOe, where the theory is bettecenters. We have not attempted to estimate the effects of
suited for the microscopic interpretation, the experiments aréhese sources, which in any case are expected to be of minor
found to be reproduced within an uncertainty of at mostimportance. By contrast, we have estimated the effects of the
20%. We note that, at the highest magnetic fields, the calcuzoupling with the spin-orbit splitted band and of the anisot-
lated line 3 obtains contributions from different excited stategopy in the QW plane. We have found that by accounting for
because of the anticrossing exhibited by the third and uppehe spin-orbit splitted band the ground and the lowest excited
excited levels. Accordingly, at 45 and 50 kOe, we have re-acceptor states do not change noticeably. On the other hand,
ported the two contributions in Fig. 8. The comparison be-the effect of the anisotropy introduces corrections, which
tween the theory and experiments is considered to be satistightly (about 2—3 % improve the agreement on the posi-
factory. Theoretical findings support the qualitative tion of the third spectral peak.

interpretation given above and confirm that lines 1 and 3

correspond to transitionsst>2p_,, 1s—2p,; between IV. CONCLUSION

states of acceptors located in the center of the QW. Further- We have developed a microscopic theorv for accentor
more, the peak associated with the line 2 is found to corre- P P y P

spond to transitions such as-b2p., ; between the states of states in a quantum well of strained Ge/GeSi HS in the pres-

. I ence of both a deformation and a magnetic field. The loca-
acceptor located in the center of the QB. The prediction of Fon of the impurity atoms, when distributed between the

line at a low energy of about 1 meV is waiting for an experi- . er of the QW and the center of the OB, is found to

mental confirmation. We finally remark, that at low magnetic "~ . ;
fields (H< 10 kOe) the present theory still gives the CorreCtorlgmate a modulation of the acceptor energy states. Such a
P y 9 modulation is ultimately responsible for a photoconductance

value_s for the transition energies, but these depart from tr!gpectrum exhibiting several peaks whose position is in gen-
experimental results for about 50% at most. The reason '"Bral function of the magnetic field. The comparison between

that in small magnetic fields the dominant transitions A'Sheoretical calculations and experiments is found to be satis-

those from the ground-state to the continuum, and thus thFactory thus enabling us to provide a microscopic interpreta-

photoconductivity line shifts to higher energies which are.. ) )
here not accounted for by theory. We remark that the experit-lon of the relevant features of the experimental spectra. Fur

mental photoconductive spectra. in the absence of the matr]er confirmation of present findings would require a direct
p P Yontrol of doping position and density through direct experi-

hetic field were thoroughly interpreted using a complemen—mental facilities which at present are not yet available.
tary theoretical approach in Ref. 15.

The remaining disagreement between theory and experi-
ments should be attributed to different sources. Among them
the most probable can be as follows. The deviation of the The work was supported by the RFBBrants Nos. 00-
QW shape from the rectangular one, which can lead to ®2-16568 and 01-02-161Q6he Russian Leading Scientific
systematical underestimation of the values of the cyclotrorSchools Support Grant No. 00-15-96618, the INTAS Grant
mass needed to compute the basis functiGnsThe neglect No. YSF 00-60, and the Italian Ministry of Foreign Affairs
of central cell correctiofY in the modelJiii ) The assumption through the Volta Landau Centév.Ya.A.).
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