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We present the results of calculations of the piezoelectric effect in a Si/SiGe
multilayer structure with a narrow quantum well and a wide layer of doped
Si semiconductor. The proposed theory is a possible explanation of some
recent experiments on these structures.
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1. Introduction

The quantum structures with Si/Si;_,Ge, layers, realized as superlattices, quan-
tum wells (QW) and heterojunctions have been intensively studied recently because
of their extreme technological importance. It is mostly related with huge industrial
productions of Si-based materials together with their numerous applications. The
Si/SiGe-based structures and superlattices can be used as components of faster mi-
crochips, integrated optoelectronic devices, and many others. The combination of
controlled variation of the composition, strain, and thickness of the layers provides
better electronic and optical properties of the structures as compared to any bulk
semiconductor [1,2].

There exists a well-known problem in the theoretical modelling of certain prop-
erties of the semiconducting multilayered structures. The point is that the energy
diagram (spatial variation of the potential) depends on a number of factors such as
real distribution of electrons and holes, and doping profile as well as on the distribu-
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tion of deformations of the crystal lattice. Besides, electron and hole eigenfunctions
and eigenvalues are determined by the electrostatic potential and deformation pro-
files. From the theoretical point of view it leads to a rather complicated problem
of self-consistent solution of Poisson’s equation together with Schroedinger’s and
elasticity theory’s equations.

The main source of deformations in a multilayer structure is non-compatibility
of crystal lattice of constituents. In the case of the non-centro-symmetrical crystals
like, e.g., ITI-V compounds, there are also deformations produced by the piezoelectric
effect due to internal electric fields accompanying the potential relief. Recent inves-
tigations of piezoelectric coupling in the AlGaN/InGaN heterostructures [4] give
evidence of its strong effect on the properties of the electron gas in these systems.

It is commonly believed that the piezoelectric effect is absent in Si-based struc-
tures since piezoelectric tensor is equal to zero in the corresponding bulk crystals.
On the other hand the crystallic symmetry is changed with the creation of quantum
structures. That change may lead to a nonvanishing nonuniform piezoelectricity.

Recently it was discovered experimentally [5—7] that when a pulsed electric field
is applied to a Si/SiGe structure with an electric-field vector E along the growth
direction, the deformation waves appear in such structures. It clearly demonstrates
the existence of the piezoelectricity. Up till now the nature of this effect in the
structures with separate QW is not quite well understood.

The absence of the piezoelectric effect in bulk Si or Si;_,Ge, solid solutions is
due to their symmetry [8]: the corresponding crystallic class O contains the center
of the inversion. It becomes clear from the same considerations that the non-zero
components of the piezoelectric tensor v, ;, can arise if a distinguished direction
arises in the structure.

In the case of a structure with symmetrical Si/SiGe/Si QW (QW for holes being
located on the SiGe solid solution region) there is a distinguished axis perpendicular
to the QW plane, but there is no any definite direction of this axis. Thus, in the
average, piezoelectric tensor has to vanish in this case. The situation changes when
a nonuniform doping is used, as it was in the case of the cited experiments [5-7],
see figure 1. Indeed, if the x axis is chosen along [001] direction, the symmetry class
changes from O to Cy,, in which case V4 yy = Vo,22, Vyye = Voz2, and the Vg 40
components can be nonzero. Obviously, these components should depend on z, so
that the maximum value is reached in a vicinity of the QW vanishing deep in the
bulk of Si and SiGe. The physical nature of the piezoelectric effect becomes even
more clear if we keep in mind a simple model with separated charges where on the
one side there is the QW with a number of carriers (holes, in case of p-doping, as
shown in figure 1), and on the other side there is a layer of uncompensated charged
acceptors. Consequently, when an AC electric field E is applied along x, the covers
of this “capacitor” will be moving, thus exciting the acoustic waves.
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p-Si (p=2.5%10"" cm™) 30 nm

i-Si (spacer) 20 nm

o p=1.8%10" em” 4+

SiGe 30 nm

i-Si (buffer) 300 nm

n-Si (substrate) 0.57 mm

Figure 1. Schematical picture of the Si/SiGe heterostructure.

2. Model and results of calculations

The energy diagram illustrating the position of valence band edge and the filling
with holes is presented schematically in figure 2, for a structure consisting of the
QW and some layer inside Si doped with acceptors. The size-quantized levels are
located within QW near the Si/SiGe interface.

Let us consider a simplified model (figure 3), in which the wide doped region of
width d is located at a distance b (spacer width) from the QW with only one size-
quantization level below the Fermi energy u by €¢. For simplicity, from now on we
deal with a model with free electrons instead of the holes. Correspondingly, we sup-
pose that the region d is doped with donor impurities. Let the average concentration
of the donors be equal to ng.

The two-dimensional layer of electrons, trapped into QW, can be described by
a distribution of electrons v §(x — d — b), where v is the two-dimensional density of
electrons. The Poisson’s equation for the electrostatic potential p(z) in the region
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Figure 2. Energy diagram of the Si/SiGe heterostructure.
O0<z<dis L A
% e
) = T [n(x) —no| , (1)

where n(z) is the distribution of free electrons at 0 < x < d and ¢ is the dielectric
constant.

Within the semiclassical approximation for the electronic gas at 0 < x < d, the
density n(z) and the electrostatic potential ¢(x) are related by (we put A = 1)

[3rn(@)]”* = 2m” [ = ep(a)] | @

where m* is the electron effective mass. The semiclassical approximation is justified
due to the large value of d as compared to the electron wavelength A. Due to the
electrical neutrality, the total number of the electrons inside the doping region and
the localized electrons trapped into the QW, is constant

/(]dn(x)d:c+1/:n0d. (3)

We assume that the deviation of concentration from the equilibrium on(z) =
n(z) — ng is small, én(x) < ng. Then the solution of equations (1) and (2) has the
form

p(r) = pre ™t 4 ppet/te (4)
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level

0 d d+b

Figure 3. Simplified model of a structure with narrow quantum well.

em*k
on(z) = - 72 : (9016733/L°+90261/Lc) ’ (5)

where kg is the Fermi momentum, L. is the screening length in the doped region
Lo = (em/4kgm*e?)Y/? | (6)

and @1, @9 are certain constants. Using equation (3), we can find a relation between
w1 and @

1 it d
2= exp(d/Lc) — 1 [em*kFLc S (1 - <_fc>>1 . "

Let us find the variation of potential p(z) at + < 0 and = > d (figure 4). The
Poisson’s equation (1) has a nonzero right-hand side for z = d + b

d?p 4re

and vanishes for x > d and < 0 (we neglect a small nonzero carrier concentration
in these regions). Let the external field E be applied along the x axis. Then we can
write

—FEx+ A, x <0
_ ) wiexp(—a/Le) +paexp(z/L), 0<az<d
pla) = Bz +C', d<z<d+b (9)
—FEx+ D, xr>d+b,
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0 d d+b X

Figure 4. Variation of electrostatic potential for the model heterostructure with
external electric field.

where A, B, C, D are constants, which should be determined from the conditions of
matching at t =0, x = d, and x = d + b.

The equation determining a charge density in QW for nonzero potential ¢4, =
o(d + b) is given by

*

m
- (1 +e0—epap) - (10)

With the aid of equations (4)—(9), and matching ¢(z) at the interfaces z = 0, z = d,
and x = d + b, we find

UV =

1 d v
= —— |FL ——1 11
P17 Ssinh(d/L.) l ¢ <eXp L. >+ emkFLC] ’ (11)
1 d v
- | EL(1-ep(-Z , 12
72 2sinh(d/L.) [ < P ( LC>> i emkFLj (12)
1 — cosh(d/L.) b o7 -
= E(b-L 1+ — th(d/L 1
1% pO [M + 50 + (& < C Slnh(d/LC) >‘| [ + ag + k:F . CO ( / C) ) ( 3)

where py = m* /7 is the two-dimensional density of states, u = (3m2ng)%3/2m*, and
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ap = ¢/m*e? is the effective Bohr radius.

Using (4), (10)—(12), we can find the distribution of electric field E(z) inside the
region 0 < x < d (in fact, only a part of it depending on the external electric field
will be taken into account here, see below)

dy E d—x x
(z) dz sinh(d/L.) (sm L. e L.

(b/L¢)sinh(d/L;) — 1+ cosh(d/L.) . . =
= ¢ Sh(d/ L) [1 + (4bjan) + < coth(d/ L] S L_C>  (14)

where the notation ( = 7/kpL. is used.
Using equation (5), the distribution of charge density ¢(x) in 0 < x < d region
(only a part independent on F) can be found

epo cosh(z/ L) i+ €0
Losinh(d/Le) 1+ (4b/ag) + < coth(d/L) -

q(x) = —e - on(z) = (15)

The distribution of volume forces acting on the lattice and caused by the external
electric field, within the approximation linear in F, for 0 < = < d (the linear
approximation is the reason why in the equation 14 we can take into account only
the part which is independent on E) is given by

vepo(p+e0)E | . . d . d—2x | 2x
= q(z)B(z) = - h < + sinh i
f(x) =q(z)E(x) 2L, sinh?(d/ L) [sm I + sin I + sin I
¢ b .. d d\ . 2z
——————|—sinh— -1 h— h == 1
sinh(d/Lo) (LC sinh 7o = 1+ cosh 77 Jsinh 72 (16)
where )
4b d\
=14+ — th — . 17
8 < +aB+Cco Lc> (17)

The stress tensor o, is related to the distribution of forces f(z) by the equation

[9]
dog,

o f(x)=0. (18)

All other components of o;; are zero. Making use of (15) and (16)—(17), we obtain

@ E |2 d d
Oa () = — / flr)dr = Yepolii + <o) l—x sinh — + cosh —
0

4sinh*(d/L.) | Le L Le
— 2z
— cosh +(1—p) (cosh T~ 1)] . (19)
where we denote
¢ b . d d
=————— | —sinh——1 h— ) . 2
P= Sinh(d/L.) (LC s L cosh 7 (20)
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The maximum stress arises in the region d < x < d+0b, where it does not depend
on z, because the bulk charge is absent inside this region. The corresponding value
is determined by equation (18) with z = d

(max) _ YePo(p+20)E | ([ d L osh m (L 21
ol 5 Lc+v<’ - v¢ co )| (21)

From this follows the expression for the deformation tensor (within the isotropic
continuum approximation [9])

1
uz’j = E [(1 -+ U)Uij — O'O-ijéij] s (22)

where E is the elasticity module, and ¢ is the Poisson factor. Using (19)-(20), we
find

~vyepo(p+ o) E d b d
Upy = Y [(Lc +9¢ | +1 I ~( coth 7| (23)
vepo(p +eo)o B | [ d Y¢b d
Uyy Uz - 2E [(fc + 7C +1- Lc - 7C coth L_c : (24>

Equations (23) and (24) give us the maximum value of deformations produced by
the external electric field in the spacer region.

3. Discussion

Within the framework of our simplified model we have found the nonzero com-
ponents of the deformation tensor depending on the applied electric field E and
on the geometrical parameters of the structure. It can be a possible explanation
of the piezoelectric effect in nonuniformly doped heterostructures. The obtained
piezomodules correspond to Cj, or Cy, symmetry classes near the interface. (When
the structure is grown in (111) direction we obtain C'3, and when it is grown in the
(001) direction we get Cj,).

There is a possibility of other explanations of the non-vanishing piezoelectricity
in the structures under consideration. One of them is related to a reconstruction of
the crystallic lattice in the vicinity of the interface [10,11]. In this case an alloy layer
of lower-symmetry crystallic structure can be formed permitting a bulk piezoeffect.
Our consideration shows that the effect should take place in the structure even
without formating the low-symmetry crystallic structures.

Another model of piezoelectricity in superlattices has been proposed in [12]. Tt
predicts the generation of high-frequency acoustic waves of the order of hundreds
of GHz. It should be noted that this seems to be a too high value for experiments
under consideration (~ 225 MHz). Besides, the model [12] deals with a periodical
distribution of charges in the superlattice. Thus, it can not be directly applied to
the heterostructure with a separate QW and a region of doped semiconductor like
in the cited experiments.

842



Piezoelectric effect in modulation doped heterostructures

There is also a model of piezoelectricity in semiconductor superlattices [13] re-
ferring to the charge-density domain motion.

It is hard to compare deformation values for the aforementioned models because
there were no numerical estimations for them. For our model, from the equation (23)
and for the bulk value of SiGe elasticity module, we have obtained that the value of
deformations may be up to 0.1% of the layer thickness.

We believe that a rather simple theoretical explanation of the piezoelectric effect
in non-periodical heterostructures presented here can still be valid even in the case
when some other mechanisms like those cited above are involved.
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MN’e30enekTpuyHnii edpekT B MOAYNSLLIMHO 1IeroBaHnx
reTepocTpykTtypax p -Si/SiGe/(001)Si

B.K.Oyraes', O.A.MipoHoB?, C.B.KocsiueHko 3
YepHiseubknii Bigain IHCTUTYTY MaTepianodHasctsa HAH YkpaiHn,
58001 YepHisuj, Byn. |.Binbae, 5

®disnyHnin dakynbTeT yHiBEPCUTETY YOpPBIK,

KoseHTpi, CV4 7AL, BennkobpuTaHis

ByKOBUHCBKMIN PiIHAHCOBO-EKOHOMIYHWUI IHCTUTYT,

58000 YepHiBuj, Byn. LLItepHa, 1

OtpumaHo 17 kBiTHSA 2000 p., B OCTAaTOYHOMY BUIMAAI —
31 xoBTHa 2000 p.

lMpenctaBneHi pe3ynstaTtv PO3paxyHKiB N’€30e/IeKTPUYHOIro edekTy B
Si/SiGe 6araTolapoBiii CTPYKTYpi 3 By3bKOI KBAHTOBOI SIMOIO i TOBCTUM
LLIapoOM JIErOBaHOI 0 HaMiBNPOBIAHOIO KpeMHito Si. 3anponoHoBaHa Teo-
pis € MOXNMBUM MNOSCHEHHAM OESKUX HEeOAaBHIX E€KMEPUMEHTIB Ha LMX
CTPYKTYpax.

KniouoBi cnoBa: rerepoctpyktypu SiGe, n’e3oenektpuvka

PACS: 77.65.Ly, 85.50.+k, 73.61.-r
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