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By the aid of magnetic-field-dependent Hall effect measurements, we have extracted the electron mobility
and concentration in hydrogenated Si nanocrystals grown on crystalline silicon substrates within the frame-
work of mobility spectrum analysis. A unified model based on diffusive and ballistic transport mechanisms has
been employed to explain the observed electron mobility in Si nanocrystals with different doping levels, as
well as the mobility edge in low-doping Si nanocrystals. Both the theoretical and experimental results clearly
demonstrate the control of the electronic band structures by shallow impurity phosphorus doping in Si nano-
crystals, which provide an experimental basis for further nanoelectronic device design using Si nanocrystals.
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I. INTRODUCTION

Due to the three-dimensional confinement of electrons �or
holes� in nanocrystals or quantum dots, significant modifica-
tions of the optical and electronic properties, including the
widely studied strong increase of the optical transition ener-
gies, are expected as compared to those of bulk materials.1 It
is well known that shallow donors �or acceptors� are crucial
in determining the transport properties in bulk semiconduc-
tors, while, for doped quantum dot systems, the impurity
doping will also change the electronic band structures of the
nanocrystals greatly. Therefore, it is interesting to investigate
how the electronic states of shallow impurities are modified
and what the different electronic transport properties are in
highly confined doped systems.

However, there is still a lack of experimental studies ad-
dressing these issues, mainly due to the difficulties in prepa-
ration of samples in a controllable manner. Fujii et al.2 have
developed a method to grow isolated Si nanocrystals in in-
sulating glass matrices and studied the electronic states of
shallow phosphorus donors in these Si nanocrystals. Melni-
kov and Chelikowsky3 have performed a theoretical investi-
gation to confirm the observed strong size dependence of the
phosphorus hyperfine splitting in electron spin resonance.
Nevertheless, it should be noted that carrier transport is pro-
hibited between these isolated Si nanocrystals and the Hall
effect is not applicable.2 In order to observe the electronic
transport between Si nanocrystals and investigate the modi-
fication of the electronic band structure due to doping, the Si
nanocrystals must be close enough together to permit elec-
tron transmission.

Recently, we have successfully established a method to
obtain a large density of Si grains �10 nm or less in size�
separated by very narrow amorphous silicon �a-Si� bound-
aries �about 2–4 atomic spacings in thickness� on crystalline
silicon �c-Si� substrates by plasma-enhanced chemical vapor
deposition �PECVD� under optimal growth conditions.4,5

The narrow a-Si boundaries largely enhance the electron
transmission between the Si grains, allowing us to investi-
gate the electronic transport properties by Hall effect

measurements.5 In this kind of Si nanocrystal system, the
trapping states at the a-Si boundaries cause the depletion of
electrons in the Si grains, resulting in the formation of dif-
ferent electronic band structures with three-dimensional po-
tential wells, where the electrons are localized. The electron
depletion in the Si grains will be strongly related to the donor
�or acceptor� concentration. As a result, in contrast to the
bulk c-Si case, shallow impurity doping in the Si nanocrystal
system is expected to control the electronic band structure,
which can be revealed by barrier scattering on mobility. The
modification of electronic band structures is very significant
for the improvement of nanoelectronic devices, as well as the
realization of electron localization in the Si grains.

In this paper, we demonstrate the control of the electronic
band structure by shallow impurity doping in Si nanocrystals
grown by PECVD on c-Si substrates. The transport param-
eters of the Si nanocrystals have been obtained from the
phosphorus-doped Si nanocrystal/c-Si structures through a
mobility spectrum analysis �MSA�,6–8 following variable-
magnetic-field Hall effect measurements. The results on elec-
tron mobility and concentration are explained well by a uni-
fied model including diffusive and ballistic transport
mechanisms. The variation of the electron barrier height has
been further verified by the observation of the mobility edge
in the Mott transition and the exponential temperature-
dependent behavior of the electron mobility in differently
doped samples.

The paper is arranged as follows. In Sec. II, we introduce
the growth conditions and experimental details for the stud-
ied samples. In Sec. III, the unified transport model is intro-
duced and discussed. The experimental results for the elec-
tron mobility and their comparison with the calculations are
given in Sec. IV. A summary is given in Sec. V.

II. SAMPLE PREPARATION AND EXPERIMENTS

Phosphorus-doped Si nanocrystals have been prepared in
a rf �13.56 MHz� capacitively coupled PECVD system from
silane �SiH4� and hydrogen �H2� on high-purity c-Si sub-
strates �both weakly p and n type� at a temperature of
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250 °C. The percentage content of silane �SiH4/SiH4+H2� is
about 1.0%. Phosphine was used as dopant gas with a per-
centage content of phosphine Dp �PH3/SiH4�, ranging from
0 to 10.0%. The Si nanocrystal thin film has a layer thickness
of around a few micrometers, as listed in Table I. The struc-
ture of these Si nanocrystals has been characterized by x-ray
diffraction measurements. The good quality of the Si nano-
crystals is indicated by the relatively sharp and symmetric
�111� diffraction peak, together with two broad �220� and
�311� structures. The average Si grain size s about �10 nm
�see Table I� can be obtained from the width of the �111�
diffraction peak by the Scherrer formula. Raman scattering
measurements reveal a crystallinity of �50% in all of those
samples, as listed in Table I.

Usually, an electron channel always appears on the sur-
face of highly resistive c-Si substrates due to charged surface
states or states in the native oxide layer.9 Due to the band
discontinuity in the heterostructure, the presence of a two-
dimensional electron gas �2DEG� at the Si nanocrystal/c-Si
interface has been clearly demonstrated by the temperature-
dependent electron transport properties and the 2D
electronic-state-related tunneling phenomena, as well as the
lattice-match-induced ordered microstructures with a good
interface.5 It is obvious that this kind of Si nanocrystal/c-
Si heterostructure contains three planar conducting layers: Si
nanocrystals, c-Si substrate, and their interfacial 2DEG.
These three conducting layers will show different transport
parameters �carrier mobility, concentration, and type�. On the
basis of the distribution of relaxation times with energy and
the relationship between conductivity tensors and conductiv-
ity concentration functions, the recently developed MSA
technique6–8 has the ability to extract the transport param-
eters of all carrier species present within the heterostructures.
Therefore, we have employed the magnetic-field-dependent
Hall effect measurements with a Van der Pauw configuration
under an Oxford Instruments superconductive magnet �tem-
perature from 4.2 to 300.0 K and magnetic field up to 15 T�,
followed by the MSA technique, to extract the transport pa-
rameters of all carrier species present within samples that are
contributing to the planar conduction process. The details to
extract the transport parameters in the Si nanocrystal/c-Si
heterostructures can be found in our previous papers.5

III. UNIFIED TRANSPORT MODEL

Without considering the electron depletion in the grains,
the transport in Si nanocrystals can be regarded as the usual

conduction due to different crystallinity. However, in the
present Si nanocrystals with extremely narrow a-Si bound-
aries, the potential barrier is dominated by the electron
depletion in the grains. Therefore, we start with an ideal
system of uniform grains to discuss the electron transport
between silicon grains under zero bias. In the ideal system,
we assume that there is only one type of impurity atom
present, the impurity atoms are totally ionized and uniformly
distributed with a concentration of ND cm−3. The c-Si energy
band structure is also assumed to be applicable inside the
grains. The a-Si boundary is of negligible thickness com-
pared to the grain size s, and contains Qt cm−2 of traps lo-
cated at energy level Et. Although the real system is a three-
dimensional substance, for the purpose of calculating its
transport properties, it is sufficient to treat the problem in one
dimension. Here, we consider a chain with a length S, which
is made up of v grains �S=vs�. The periodic parabolic energy
band profile can be obtained from the solution of the Poisson
function, as plotted in Fig. 1�a�. Em is the maximum of the
band edge profile EC�x�, the barrier height is Eb=Em

−EC�0�, and the average electron barrier width w is defined
as the width of the depletion region at EC�x�= �Em

+EC�0�� /2, and equals 0.29�s−2d�. These band structure pa-
rameters, as well as the Fermi level EF at zero bias, can be
determined by the donor concentration ND, trapping energy
level Et, and trapping-state density Qt, as discussed in Ref.
10.

TABLE I. Doping ratio Dp, film thickness, average grain size s, crystallinity, room-temperature electron mobility �, average electron
concentration n̄, and barrier height Eb of Si nanocrystals grown on c-Si substrates.

Sample c-Si substrate Dp �%� Thickness ��m� Average grain size s �nm� Crystallinity �%� � �cm2/V s� n̄ �cm−3� Eb �meV�

C n type 0 3.1 9.5 57.7 887 1.6�1015 0.6

C1 p type 0.5 4.5 9.3 52.5 760 3.0�1015 1.0

C2 p type 1.0 3.5 7.7 46.8 450 7.9�1015 4.9

C3 p type 5.0 1.4 9.5 47.0 149 2.5�1017 31.3

C4 p type 10.0 0.6 8.4 56.9 23 6.0�1018 73.1

FIG. 1. �a� Schematic equilibrium band edge profile for a nano-
crystal with identical grains. �b� Theoretical �from the unified trans-
port model� electron mobility � vs average concentration n̄ in Si
nanocrystals with different grain sizes s. The electron mobility of
c-Si as a function of concentration n has also been shown as the
dotted curve for comparison.
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Within the above assumptions, the average electron con-
centration in the Si nanocrystals can be easily obtained as

n̄ =
1

s
�

−s/2

s/2

Nc exp���EF − EC�x���dx

= NC exp���EF − EC�0���

�	2d

s
+

s − 2d

2s

 �

�Eb
erf�
�Eb�� , �1�

with the parameter �=1/kBT and the effective density of
states in the conduction band NC=2�2�m* /�h2�3/2. The
width d is equal to zero and complete depletion occurs in the
grains, when the doping level is low �sND�Qt�. We note that
the expression for the electron concentration in c-Si, i.e.,
NC exp���EF−EC�0���, still holds in Eq. �1�, which reflects
the improvement of electron concentration in Si nanocrystals
with the rise of the Fermi level due to the increase of the
donor concentration ND. Therefore, the average electron con-
centration n̄ is proportional to the donor concentration ND,
but they are not equal due to the electron depletion at the
grain boundaries.

The zero-bias conductivity in periodic barrier systems can
be expressed as11

� =
4�e2lm*

�h3 ln�1 + e��EF−Em���
vs

l + S̃ + �̃
�2�

with

� = 1 +
�

ln�1 + e��EF−Em���Ec�0�

Em TWKB�E�
1 + e��E−EF�dE ,

TWKB�E� = exp	−
2

	
�

x1

x2 
2m*�EC�x� − E�� ,

S̃ = 2v��
0

s/2 ln�1 + e��EF−Em��
ln�1 + e��EF−EC�x���

dx ,

�̃ = 2�v − 1��
0

s/2 	1 − �
ln�1 + e��EF−Em��

ln�1 + e��EF−EC�x����e−2x/ldx .

Here, l is the electron mean free path. In the WKB tunneling
probability TWKB�E� , x1 and x2 are the positions of the left
and right turning points, respectively, of the electron energy
E, as marked in Fig. 1�a�. As a result, we can have the elec-
tron mobility of the unified model using the terms of diffu-
sive mobility �e=eve�l and thermionic emission velocity
ve= �2�m*��−1/2 in the conductivity of Eq. �2�, as the follow-
ing diffusive transport form with quantum corrections:

� =
�

en̄
=

NC

n̄
ln�1 + e��EF−EC

m���
vs

l + S̃ + �̃
�e. �3�

Furthermore, in order to get a clear physical picture, we
consider a low-doping case, where we have the approxima-

tions of d=0 and ln�1+e��EF−EC
m���e��EF−EC

m�. By the aid of
Eq. �1�, the mobility in Eq. �3� can be simplified as

� = 
1
2�e, �4�

with


1 =
2


�/�Eberf�
�Eb�
e−�Eb,


2 = �
vs

l + S̃ + �̃
.

For comparison with the experimental results, we limit our
following calculations to the case of v→�, where 
1
2 is a
function of l, ND, s, Qt, and Et, and reflects the effects of
boundary scattering on the diffusive mobility. When the
boundary disappears ��Eb→0� , 
1
2 approaches 1 and Eq.
�4� returns to the diffusive mobility. In fact, Eq. �4� reveals
not only the diffusive transport, but also a transition over the
mobility edge at �Eb=1. It should be noted that the tempera-
ture dependence of the mobility is mainly included in the
factor 
1, while 
2 is a nearly temperature-independent con-
stant. Equation �4� can be further rewritten in two different
formats in different temperature regimes:

� = 

2�e � T−
 for �Eb � 1,

2
�Eb

�
e−�Eb
2�e � e−�Eb for �Eb � 1, � �5�

where 
 is equal to 3/2 in theory for the ideal lattice
scattering,12 but usually equal to 1 in experiment for �Eb
�1 near the mobility edge.13 Equation �5� presents two dif-
ferent temperature-dependent behaviors of the mobility in
different temperature regimes, which reveals the Mott tran-
sition from lattice scattering in the extended state to barrier
scattering in the localized state in the periodic barrier system.
Such a transition obtained by the above semiclassical theory
has also been predicted in low-dimensional periodic barrier
systems by the miniband theory14 and observed experimen-
tally in GaAs/AlAs semiconductor superlattices.15 There-
fore, this transition is a typical characteristic in periodic bar-
rier systems, and will be demonstrated in our following
experimental results in Si nanocrystals.

IV. RESULTS AND DISCUSSION

Figure 1�b� presents the theoretical results �via Eq. �3�� of
the electron mobility � vs average concentration n̄ for Si
nanocrystals with different grain size s under a trapping state
density Qt of 5.7�1012 cm−2. During the calculation, the
electron mean free path l in Si nanocrystals has been consid-
ered the same as that in bulk c-Si,11 which can be obtained
from the diffusive mobility �e=eve�l, in combination with
the electron diffusive mobility in c-Si with a carrier concen-
tration n cm−3 of �e=65+1265/ �1+ �n /8.5�1016�0.72� cm2/
V s.16 For comparison, we have also shown �the dotted
curve� the electron mobility of c-Si as a function of concen-
tration n. It is clear that the electron mobility of the Si nano-
crystals is lower than that of c-Si at the same concentration
due to the formation of electron barriers. The pronounced
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mobility minima are associated with the transition from com-
plete depletion of the grains to partial depletion when the
donor concentration increases beyond a critical value sND

=Qt.
10,11 In the low-doping regime of the complete depletion

phase �sND�Qt�, the electron barrier height Eb increases
with the donor concentration, resulting in a steep decrease in
the electron mobility. However, both the electron barrier
height and width will decrease with further increase in the
donor concentration in the partial depletion phase �sND

�Qt� due to the reduction of the depletion region. Further-
more, the increase of grain size s will result in the rapid
decrease of the electron mobility in the critical donor con-
centration region, mainly due to the increase of the electron
barrier height via Eb=e2Qts /8� there �� is the dielectric per-
mittivity of the c-Si�.

Now, let us move to the experimental results on the Si
nanocrystals under different phosphorus doping levels. Fig-
ures 2�a�–2�c� shows the experimental conductivity tensor
components �xx�B� �open squares� and �xy�B� �open circles�
as a function of magnetic field B for typical Si nanocrystals
at room temperature. Through the successive iterative algo-
rithm in the MSA technique,6–8 we are able to transform the
experimental magnetic-field-dependent Hall data into the de-
pendence of the conductivity density function on mobility, in
which each carrier contributing to the total conductivity ap-
pears as a separate peak at a given mobility. The transport
information of each kind of carrier in the samples has been
extracted and is shown as the corresponding mobility spectra
in Figs. 2�a��–2�c��, where each carrier’s mobility and con-
centration can be determined by the peak value and area,
respectively. The solid curves in Figs. 2�a�–2�c� are the
conductivity tensor components calculated by the MSA.
The good agreement between the experiments and calcula-
tions clearly demonstrates the reliability of the extracted

carrier transport information in the mobility spectra of
Figs. 2�a��–2�c��. The MSA results reveal three kinds of car-
riers in the studied samples �denoted as enc-Si , hc-Si �or nc-Si�,
and e2DEG�, which represent the transport information of the
Si nanocrystals, the p-type �or n-type� c-Si substrates, and
the 2DEG at the Si nanocrystal/c-Si interfaces, respectively.
The detailed assignments of these three carriers can be found
in our previous papers.5 It should be noted that Beck and
Anderson6 have demonstrated convincingly the unique re-
production of the experimental result in terms of the mobility
spectra by the aid of the Krein theorem.

Table I lists the yielded room-temperature experimental
electron transport parameters �mobility � and average con-
centration n̄� for the Si nanocrystals with different doping
levels. The average concentration n̄ of the Si nanocrystals
shows nearly an exponential increase with the phosphine
doping ratio Dp�PH3/SiH4�, indicating the high doping effi-
ciency and large content of Si grains in the studied Si nano-
crystal samples. This experimental result corresponds well
with the argument of doping-induced Fermi level rise for Si
nanocrystals in Eq. �1�, in contrast to the almost doping in-
dependence of the electron concentration in a-Si materials.
The increase of the doping level not only improves the av-
erage electron concentration in the Si nanocrystals, but also
causes the electron mobility to deviate from the c-Si diffu-
sive mobility due to the changes of the trapping-state density
and electronic band structure, as discussed below.

Figure 3�a� shows the room-temperature experimental
�solid squares� electron mobilities � and average concentra-
tions n̄ in the Si nanocrystal samples. From the experimental
mobilities � and average concentrations n̄, we can obtain the
barrier height Eb and barrier width w through the unified
transport model, as presented by the solid squares in Figs.
3�b� and 3�c�, respectively. The electron mobility is found to
decrease monotonically with the increase of electron concen-
tration, which corresponds to the increase of barrier height
Eb and the decrease of barrier width w in the partial depletion
regime �w is a constant and equals 0.29s in the complete

FIG. 2. Experimental �symbols� and theoretical MSA �solid
curves� results for the magnetic-field-dependent conductivity ten-
sors ��xx and �xy� for sample �a� C, �b� C1, and �c� C2 at room
temperature, together with the corresponding mobility spectra
shown in �a��, �b��, and �c��.

FIG. 3. �a� Room-temperature mobility �, �b� barrier height Eb,
and �c� barrier width w vs average electron concentration n̄ in Si
nanocrystals. Experimental data, the solid squares; theoretical re-
sults from the unified transport model, the solid curves.
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depletion phase of sND�Qt�. Detailed theoretical calcula-
tions show that the trapping-state density Qt �with Et
=EC�0�−0.18 eV� in these samples ranges from 1.0�1012 to
5.7�1012 cm−2, which are reasonable values to reflect the
magnitude of the surface state density of c-Si.10 Moreover,
the trapping-state density Qt is found to increase with donor
concentration in Si nanocrystals. These conclusions have
also been observed in experiments on microcrystalline11 and
polycrystalline Si.10 The solid curves in Fig. 3 are the calcu-
lated results through the unified transport model with a
simple linear relationship between Qt and ND:11 Qt
=1.2�1012+5.4�10−7ND cm−2. It is clear that the theoreti-
cal results can well explain the observed variation of electron
mobility, barrier height, and width in the Si nanocrystals as a
function of the average concentration. Therefore, the elec-
tronic band structures and the transport properties of the Si
nanocrystals can be really controlled by properly doping
shallow impurities.

The following temperature-dependent electron mobility
behavior gives further evidence of the observed electron bar-
riers. Figure 4 shows the temperature-dependent Hall mobili-
ties of the low- �Dp=1.0% sample C2� and high- �Dp
=10.0% sample C4� doping Si nanocrystals, as denoted by
the solid and open circles, respectively. For the low-doping
sample C2, its temperature-dependent mobility displays a
clear Mott transition from the band-tail-state conductance
�exponential temperature dependence� at T�100 K to the
extended-state conductance �power-law temperature depen-
dence� at T�100 K. The mobility results have been fitted
very well �the solid curves in Fig. 4� by �=2.1�103 exp��
−6.0 meV� /kBT� and �=1.2�105/T cm2/V s at low and
high temperatures, respectively. Such a transition over the
mobility edge is in good agreement with the expectation of
Eq. �5�. Moreover, the yielded electron barrier height of 6.0
meV is in reasonable agreement with the value of 4.9 meV
from the unified transport model for this low-doping sample.
The exponential decrease of the electron mobility at T
�100 K clearly shows the electron localization in Si nano-
crystals when the electron potential energy �barrier height� is
larger than its low-temperature kinetic energy.

For the high-doping sample C4, the electron mobility
is very low due to the high electron barrier height
Eb��73.1 meV�, which is much larger than the room-

temperature kBT value of 25.8 meV. Therefore, the above
Mott transition over the mobility edge disappears below
room temperature, and the temperature-dependent mobility
only shows a monotonically decreasing behavior throughout
the measured temperature range. It should be noted that the
room-temperature electron concentration of this high-doping
sample is 6.0�1018 cm−3, close to the effective density of
states �NC=2.8�1019 cm−3� in the conduction band of c-Si,
indicating the weak degeneration of the Si grains. As a result,
impurity band conduction is formed in the system, and the
experimental mobility is nearly a constant at T�100 K and
increases slightly with increasing temperature at
T�100 K.17 The results in Fig. 4 clearly demonstrate the
argument that the experimental mobility can be well de-
scribed by a function �=43.3 exp��−64.7 meV� /kBT�
+19.1 cm2/V s, with the two terms corresponding to the bar-
rier �height 64.7 meV� scattering and temperature-
independent scattering from the neutralized impurities, re-
spectively. The small deviation of the two barrier heights is
due to the weak degeneration in the high-doping sample. A
similar weak temperature dependence of the electron mobil-
ity and disappearance of the mobility edge below room tem-
perature have also been reported in highly doped microcrys-
talline Si samples before.11

Finally, it should be noted that shallow impurity doping
will also have a great effect on the localization of electrons
in the Si grains. From the above control of electronic band
structures by doping, we can observe that the electron barrier
height increases with the donor concentration in the com-
plete depletion region. The increase of barrier height is ob-
viously in favor of electron localization. In the undoped
sample C, the barrier height is so small �0.6 meV� that it
almost does not influence the electron diffusive transport
through the Si grains. In the low-doping sample C2 �Dp

=1.0% �, the electron localization can be observed by the
appearance of the Mott transition due to the formation of an
electronic band structure with suitable barrier shapes. Further
evidence of the strong localization comes from the observa-
tion of the quantum resonant-tunneling phenomenon in low-
doping �Dp=0.8% � Si nanocrystals.5 However, delocaliza-
tion of electrons begins to occur with further increase of the
donor concentration, since the high donor concentration re-
sults in a large overlap of the electron wave functions in the
partial depletion phase, as observed by the formation of im-
purity band conduction in sample C4 �Dp=10.0% �. Further-
more, the narrow barrier width in the partial depletion region
is also a disadvantage for the localization of electrons in Si
nanocrystals. Therefore, there is an optimal donor concentra-
tion in the low-doping regime, where the electron localiza-
tion in the Si grains is the strongest.

V. CONCLUSIONS

In summary, we have succeeded in extracting the electron
mobility and concentration of phosphorus-doped Si nano-
crystals grown on c-Si substrates through variable-magnetic-
field Hall effect measurements, followed by a mobility spec-
trum analysis. The observed electron mobility, barrier height,
and barrier width clearly reveal the control of the electronic

FIG. 4. Temperature-dependent electron mobility of Si nano-
crystals. Experimental data, the symbols; theoretical fitting results,
the solid curves.
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band structures by shallow impurity doping in Si nanocrys-
tals, by the aid of a unified model based on diffusive and
ballistic transport mechanisms. It is found that there is an
optimal donor concentration in the complete depletion re-
gime, where the strongest localization of electrons in Si
grains can be reached.
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