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We report a theoretical study of the hole density and the low-field mobility in modulation p-doped
rolled-up Si/SiGe heterostructures. Solving coupled Poisson and Schrédinger equations, we show
that the total hole density is strongly affected by charged surface states and can reach value of
10'"" cm™ for available doping level at room and low temperature. The simulation of the hole
transport along the structure axis based on a Monte Carlo method reveals that the interface
roughness scattering is a main mechanism limiting the mobility magnitude, which reaches the value
of 10* cm?/V s. © 2011 American Institute of Physics. [doi:10.1063/1.3584869]

On the evolutionary way toward nanoelectronics new
functional devices made from nano-objects promise an excit-
ing but challenging era as several key requirements should
be met for large-scale manufacturing of those devices,
among them controllability of all parameters, positioning ca-
pability with high precision, reliability, and effective cost.
The potential ability of the semiconductor nano-objects can
be substantially enhanced by introducing within them
heterostructures.' The latter requirements can be elegantly
fulfilled using the new technique based on the phenomenon
of self-scrolling of a film comprising two strained semicon-
ductor layers released from a semiconductor substrate.*”
Because of their high surface-to-volume ratio and tunable
charge carrier transport properties due to quantum confine-
ment effects electrical properties of rolled structures are
strongly influenced by minor perturbations, which is espe-
cially apparent for use in electrical sensing devices as well
as field-effect transistors. Further, the formation of tubes,
rings, and coils achieved by releasing SiGe films opens
ways to integrate these nano-objects into mature Si technol-
ogy. While there exist numerous studies on magnetotransport
of charge carriers in the tubes,® their electrical properties
have not been yet considered sufﬁciently.10 In this letter, we
focus on the Si/SiGe rolled-up heterostructures grown on
Si-substrate. In this type structures, band offset is mainly
restricted to the valence band, making them useful for p-type
devices. We theoretically analyze the influence of strain ef-
fect as well as charged surface states and doping level on the
hole density in these structures. We also present a Monte
Carlo study of the hole mobility in the rolled-up structures in
low electric field parallel to the structure axis, which reveals
impact of different scattering mechanisms on the drift mobil-
ity value and specifies the most important of them limiting
the hole mobility in the structures

We consider a rolled-up structure reported recently in
Ref. 11 formed from a bilayer consisting of Si and Si;_,Ge,
layers of hg; and hg;g, thickness, correspondingly, grown on
(001) Si-substrate. In our theoretical treatment we assume
that the structure is rolled into a single wall cylinder. The
doping is applied to the layer of Si located at the inner sur-
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face of the tube with the width of 2 nm as it is shown in the
inset of Fig. 1. This model of the doping approximately cor-
responds to the delta-doping of the original structure.

For the calculation of the hole density and mobility in
the structure we first determine the strain in a stationary con-
figuration of the tube making use of the linear elasticity
theory,12 which has been recently shown being a good ap-
proach and yielding results close to experimental data.">"

The strain distribution strongly affects the electronic
band structure. > First, we calculate the position of the con-
duction (E,,) and valence (E,,) band edges in rolled struc-
tures taking into account only the strain contribution to the
band bending following the expressions from Ref. 17. The
dash-dotted line in Fig. 1(a) shows the calculated position of
the valence and conduction bands’ edges for the Si/Sij,Geq g
rolled structure. The band offset is mainly restricted to the
valence band and the Sij,Ge, g layer is a potential well for
holes. Second, we take into account the additional electro-
static potential V(r) due to the electric charge arising from
modulation doping as well as the charged surface states
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FIG. 1. (Color online) (a) Conduction (E,) and valence (E,) bands and
Fermi level (F) in the Si/Siy,Geyg rolled structure calculated neglecting
(thin dot-dashed line) and taking into account (thick line) the surface states
and doping; shown are the moduli squared of the heavy-hole (solid line) and
light-hole (dotted line) wave functions; (b) surface state density ng at the
Si0,/p-Si interface; Inset: sketch of a rolled Si/SiGe heterostructure, which
consists of Si and SiGe layers.
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formed after the oxidation of the Si and Si;_,Ge, surfaces.
Therefore, the position of the conduction and valence bands
fulfills E,,)=E.,)—qV(r), where g denotes the positive el-
ementary charge. We find the electrostatic potential by the
self-consistent solution of Poisson and Schrodinger equa-
tions, where the Schrodinger equation is solved for the en-
velope functions within the effective mass approach for
heavy- and light-hole states assuming zero boundary condi-
tions for the wave functions at the Si and SiGe surfaces. We
note that for the typical layer thicknesses of the rolled struc-
tures, the radius exceeds 50 nm, which eliminates quantiza-
tion of the hole spectrum for the momentum quantum num-
ber. As a result, the holes in the rolled-structures effectively
form a two-dimensional hole gas. We integrate the Poisson
equation neglecting the free electron charge and assuming
that the doping atoms are fully ionized and the hole density
is determined by the corresponding wave functions and oc-
cupation of the energy states. The total density of charged
surface states at the inner surface determines the magnitude
of the electric field normal to the surface, providing the
boundary condition for the Poisson equation in the self-
consistent cycle of the Schrodinger—Poisson solution. The
full band bending is determined by the condition that the
total space charge in a rolled structure matches the charge
accumulated by surface states.

We describe the density of surface states on the inner
and outer surfaces as a function of energy W by the U-type
dependence, which for the (001) Si surface after oxidation at
room temperature is presented in Ref. 18. We fit the experi-
mental data with the following expression: N (W)
=A,, cosh{B,(W-W,,,)?*}, where W,;, denotes the energy
of the middle of the gap, A,;=5X10'"" cm™2eV~!, and B,
=18 eV~2. Then, the Fermi level is pinned about 0.3 eV
above the valence band edge at the Si;_,Ge, surface for x
=0 and shifts toward the valence band with increasing Ge
fraction for a total surface states density exceeding 5
X 10" cm2, which is in agreement with the experimental
data."

The charge of the surface states depends on their posi-
tion, the states lying above the middle of the gap are
acceptor-type and below are donor-type. Figure 1(a) displays
the calculated position of the bands at 4K for the
Si/Siy,Gey g structure with a p-type Si layer (10> cm=2) and
a total surface state density at each surface of 10'> cm™.
The corresponding surface state density at the Si surface is
presented in Fig. 1(b). Here, the Fermi level near the surfaces
is approaching the valence band edge, leading to positive
charge on both Si and SiGe interfaces. This, together with
the modulation doping, gives rise to the downward tilt of the
bands near the Si,,Ge( g layer surface and the resulting ac-
cumulation of the hole gas at the Si/Si,,Geg g interface.

To reveal the influence of the surface states on the den-
sity of free holes in the channel, we vary the total surface
state density by changing the coefficient A, within the
103-10"> cm™ eV~! range, without altering the qualitative
shape of the surface state density function. We consider the
Si and SiGe surfaces separately, first, increasing the density
of surface states at the SiGe surface and assuming the Si
surface to be ideal in the sense that the total surface state
density is about 10'° cm™, and then vice versa.

Figure 2(a) shows the hole density in a structure com-
posed of a 4 nm wide, p type (10'> em72?) Si layer and 2 4
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FIG. 2. (Color online) (a) Hole density in the Si,_,Ge, layer vs the density
of states on the Si;_,Ge, and Si surfaces for different Ge content (x) in the
Si,_,Ge, layer calculated for low (4 K) (solid line) and room (300 K)
(dashed and dotted lines) temperature; (b) the shaded area indicates the
doping density of introduced acceptors in p*-Si layer vs the density of states
on the Si and Si;_,Ge, surfaces in order to obtain the hole density in the
SiGe layer above 10'" cm™ for low (solid line) and room (dashed line)
temperature.

nm wide SiGe layer. In accordance with the position of en-
ergy levels [Fig. 1(a)] the holes populate only the lowest
energy state (hhl) both at low (4 K) and room (300 K) tem-
perature. The hole density decreases first slowly and then
rapidly with increasing surface state density, as more holes
are trapped on the surface states. The surface states at the
SiGe surface affect the hole density more strongly than those
located at the Si surface. For the surface density of SiGe
above 2X10'? cm™2, the SiGe channel is depleted at low
temperature and the rolled structure becomes nonconductive.
For Si the surface state density might reach a value above
10" c¢m™? while the hole density remains above 10'' cm™.
This we attribute to the close position of the Fermi level to
the valence band edge at the surface of the SiGe layer, where
the surface state density function rises more steeply than in
the middle of the gap [Fig. 1(b)]. Due to the high fraction of
ionized acceptor states at room temperature, the hole channel
remains conductive up to high values of the surface state
densities.

So far, we have discussed the hole density as a function
of the surface state density while keeping the doping fixed.
Now the minimal doping level to produce a conductive tube,
having a hole density above 10'! cm~2 in the Si,_,Ge, chan-
nel is calculated. Thus, we consider Si/Si;_,Ge, rolled struc-
tures with x varying from 0.3 to 0.9 and the width of both
layers varying from 2 to 12 nm. The layer thicknesses are
restricted by the critical thickness for the growth of pseudo-
morphic strained layers.17 We increase the total surface state
density from 5% 108 up to 10'?> ¢cm™2, where the lower value
corresponds to the surface, which is additionally passivated
with hydrogen while the higher value describes a surface
exposed to the oxidation in air at room temperature. We also
assume that the density of states on SiGe surface is larger
than on the Si surface by a factor of 5. The shaded area in
Fig. 2(b) shows the doping density, which is required for a
given surface state density to keep the hole density in the
channel of the rolled structure above 10'' cm™2. The calcu-
lation shows that the chosen density of the two-dimensional
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FIG. 3. (Color online) (a) Low-field hole mobility along the rolled structure
axis as a function of Ge content x in the Si;_,Ge, layer; the thicknesses of
the Si and Si;_,Ge, layers are equal and of 2, 4, 6, and 10 nm; (b) Low-field
hole mobility along the Si/SisGe, s structure axis vs the SijsGegs layer
thickness. The calculations are performed for low (solid lines) and room
(dotted lines) temperature.

hole gas can be reached for any configuration of the tube
within the defined limits by means available p-doping.

We calculate the low-field hole mobility in the rolled
structures subject to a static electric field applied along the
structure axis by means of the three-dimensional single-
particle Monte Carlo method. We treat inelastic hole inter-
play with optical phonons and elastic interaction with acous-
tic phonons via deformation-potential coupling for bulk
material.”> We also take into account interface roughness
scattering by using the scattering potential given by a
S-function at a perfect interface,2 assuming that the interface
exhibits small thickness fluctuation of 0.4 nm and the surface
roughness correlation length in the direction parallel to the
surface is about 2.5 nm.”> We neglect hole scattering at the Si
and SiGe surfaces as the hole gas is mainly confined in the
vicinity of the Si/SiGe interface. The scattering rates for ev-
ery structure are calculated numerically using the hole wave
functions and energy levels obtained due to the solution of
the coupled Poisson and Schrodinger equations.

In the transport simulations we assume that the surface
state density at the surfaces is about 10'° ¢cm™ and choose
the modulation doping to provide a hole density in the SiGe
channel of 10'" ¢m~2. Figure 3(a) shows the hole mobility as
a function of Ge content in the Si/Si;_,Ge, rolled structure
with both layers set to thicknesses of 2, 4, 6, and 10 nm. The
mobility dependence displays a pronounced minimum for a
Ge content x ~0.5. We attribute the decrease in mobility for
0<x<0.5 to hole scattering by the Si/SiGe interface rough-
ness, which dominates other scattering processes at low tem-
perature and becomes stronger as the Ge content increases.
Conversely, the substantial reduction in the hole effective
mass in the SiGe layer with the larger Ge content ensures
increasing mobility for x>0.5. We note that the mobility
also substantially drops with a decrease in layers thickness,
which can be attributed to the stronger penetration of the
hole wave function tail into the Si layer, leading to the stron-
ger interplay between holes and the Si/SiGe interface imper-
fections. The presence of strong interface scattering in rolled
structures with thin layers is also validated by the calculation
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of the mobility at 300K [Fig. 3(a)]. In rolled structures with
thick SiGe wells (above 8 nm), at 300K the holes are also
effectively scattered by optical phonons, yielding a mobility
lower than the low-temperature value by a factor of about 2.
In structures with the narrow quantum wells, interface rough-
ness scattering always dominates and makes the mobility
temperature-independent.

Figure 3(b) shows that the low-field hole mobility in-
creases with the width of the SiGe layer when the Si layer is
set to 4 (squares), 6 (triangles), and 10 nm (circles). As dis-
cussed above, interface roughness scattering is reduced for
wide SiGe layers causing a substantial increase in mobility
from 20 to 10000 cm?/V s. The width of the Si layer affects
the mobility only slightly, as the holes are mainly confined to
the SiGe layer. Comparison of the mobility calculated for 4
and 300K enables us to conclude that the optical phonon
scattering affects hole transport in the rolled structures only
if the SiGe layer thickness is larger than 5 nm.

In conclusion, the hole density in the rolled-up structures
is strongly sensitive to the density of surface states; the ad-
ditional strain introduced by the structure rolling-up does not
lead to substantial enhancement of the hole mobility along
the structure axis; however, further improvement might be
expected for the hole mobility in the azimuth direction.
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