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We present a detailed study addressing the effect of doping density on electronic transport in Si:P �-doped
layers grown by phosphine dosing and low temperature molecular beam epitaxy. We demonstrate that the
surface P coverage can be determined directly from scanning tunneling microscope analysis of PH3 dosed
Si�100� surfaces, with good quantitative agreement to that measured by Auger electron spectroscopy. For
samples with doping densities between �1�1013 cm−2 to �5�1014 cm−2, we found that mobility decreases
with higher doping. In contrast, both the mean free path and phase coherence length increase with doping
density up to a maximum at a room-temperature saturation dose of phosphine ��2�1014 cm−2�. We discuss
the implications of our results for the fabrication of nanoscale Si:P devices by scanning probe lithography and
phosphine dosing.
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I. INTRODUCTION

Recent demonstrations1,2 of highly conducting Si:P nano-
wires ��25 nm wide with four-terminal resistances of
�50 k� at 4 K� fabricated by scanning probe lithography
highlight the future potential for this fabrication technology
towards atomic scale devices. In view of this, it is important
to understand the range of both the electronic mean free path
l and phase coherence length l� achievable in order to deter-
mine the possibilities of ballistic and phase coherent trans-
port in Si:P nano-scale to atomic-scale devices.

The study of Si:P �-doped layers with different doping
densities provides an important precursor to understanding
how both l and l� scale for 2D transport in Si:P devices
fabricated by scanning probe lithography. Previous studies3,4

of Si:P �-doped layers with P doping levels of �1014 cm−2

have shown that l is of the order of a few nm with a corre-
sponding transport relaxation time � in the femtosecond
range. In contrast, l� at the same doping density exceeds
100 nm �at temperatures �1 K� with a corresponding phase
relaxation time �� of the order of picoseconds.

In this paper, we present a systematic study of the elec-
tronic transport in Si:P �-doped samples fabricated using
phosphine �PH3� and low-temperature molecular beam epi-
taxy �MBE� over the doping range of �1�1013 cm−2 to
�5�1014 cm−2. The P densities were determined from a
combination of Auger electron spectroscopy and scanning
tunneling microscope �STM� analysis of PH3 dosed Si�100�
surfaces. We compare our results with a recent Si:P �-doping
study3 which unexpectedly shows a conflicting mobility
trend from those reported for Si:Sb and Si:B �-doped layers5

for a similar range of densities studied. In addition, we
present the doping density dependence of both l and l� and
discuss their implications for the fabrication of nanoscale
Si:P devices using the STM.

II. EXPERIMENTAL

Experiments were performed in a custom-built UHV com-
bined MBE-STM system. Both the MBE and STM chambers
have been adapted for samples of size 1�1 cm2 and have
base pressures �1�10−10 mbar. For high quality Si growth,
the MBE chamber is equipped with an electron-beam Si
evaporator. Auger electron spectroscopy �AES� was used in
conjunction with STM analysis to determine the P coverage
after PH3 dosing.

All samples were cleaved from the same phosphorus-
doped Si�100� wafer with resistivity �5 � cm. Each sample
underwent a standard sulphuric peroxide and RCA-II clean
before being loaded into the MBE system. A clean and
atomically flat starting surface was prepared by outgassing
the sample at 600 °C for 30 min and 950 °C for 15 min
followed by the growth of a �100 nm of undoped Si buffer
at 650 °C using a rate of 1 Å s−1.6 Phosphorus doping was
achieved by exposing the Si�100� surface to PH3 via a pre-
cision leak valve at a pressure of �1�10−9 mbar for differ-
ent times followed by an anneal to 500 °C to incorporate the
P atoms and desorb the H atoms.7 Finally, the P atoms were
encapsulated by �50 nm of Si at a rate of 1 Å s−1 using low
temperature Si MBE at 250 °C to suppress P segregation.4

For magnetotransport measurements, the samples were fab-
ricated into Hall bars and measurements were carried out at
4.2 K using standard low frequency ac lock-in techniques.

III. DETERMINATION OF P COVERAGE

Figure 1�a� is a filled state STM image of a typical start-
ing Si�100�2�1 surface. This image shows the Si atoms
reconstructing to form dimer rows with �7% of two com-
mon defect species: dimer vacancies and C defects.8 We
identify these initial features to distinguish them from sur-
face species arising from PH3 dosing.
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Figures 1�b�–1�d� are filled state STM images from room
temperature �RT� dosed samples with PH3 doses of 0.018,
0.27, and 1.4 L, respectively. Here, a PH3 dosing pressure of
�1�10−9 mbar was used and different doses were achieved
by varying the dose time. We used a combination of AES and
STM analysis to calibrate the surface P coverage against PH3
dose �measured in langmuir �L�=1.33�10−6 mbar s�. The
Auger P ratio was calculated from the ratio of the P signal to
the �P+Si� signal.9 In order to obtain a quantitative measure
of the P coverage from the Auger measurements, we cali-
brated the Auger P ratio against a direct determination of the
absolute P coverage from the identification of PHx related
species in the STM images of a PH3 saturation dosed
Si�100�. Figure 1�b� highlights the surface species present
after a low PH3 dose of 0.018 L. It is now well established
that PH3 adsorbs dissociatively on the Si�100� from PH3
→asymmetric PH2+H→centered PH+2H→U-shaped P
+3H.10 We can identify these PHx features on the surface
which are labeled in Fig. 1�b� and thereby determine the P
coverage. At moderate dose levels �e.g., 0.27 L in Fig. 1�c��,
there is a higher competition for available surface sites which
limits the extent to which PH3 can dissociate. As such we
find a majority of PH+2H features which cluster into a
c�4�2� ordering shown in Fig. 1�c�. At a saturation dose of
1.4 L, the lack of available sites further limits dissociation as
evidenced by the significant number of PH2+H features
which order in local regions exhibiting a p�2�2� reconstruc-
tion �Fig. 1�d��. By counting the P-related features in STM
images across several areas of each sample and averaging,
we find the corresponding P coverages to be �b� 0.017, �c�
0.13, and �d� 0.33 monolayers �ML�.11 At a saturation dose
of PH3, we obtained an Auger P ratio of 0.17 corresponding
to a P coverage of 0.33 ML determined from STM analysis.
We used the ratio of these two values to scale the Auger data
in order to obtain a calibration curve for P coverage against
PH3 dose.

Figure 2 shows good quantitative agreement between the
AES measurements and statistical analysis of STM images
for RT PH3 doses up to a saturation coverage. From this

calibration curve, we can now determine the P coverage from
PH3 dosage without interrupting the sample growth for STM
imaging. The determination of P coverage from this calibra-
tion curve introduces an error of �10% due to the uncertain-
ties in the Auger and STM analysis.

In this study, we are primarily interested in RT PH3 dos-
ing since this is compatible with the fabrication of nanode-
vices using STM lithography on H:Si�100�.12,13 Six samples
N1–N6 were fabricated using RT PH3 dosing. However,
from Fig. 2 the maximum P coverage achievable using RT
PH3 dosing is only �0.33 ML. In an attempt to increase the
doping density further, we fabricated an extra sample N7 by
dosing with �1.5 L of PH3 at 550 °C. Here, a P coverage of
0.77 ML is expected based on a previous statistical analysis
of P-P, Si-P dimers observed by STM.14 Prior to encapsula-
tion, samples N1–N6 were annealed to 500 °C to incorporate
the P atoms in substitutional lattice sites and desorb any H on
the surface as this is known to enhance carrier activation and
transport mobility.7,15 For a sample with a low PH3 dose of
0.06 L �or �0.03 ML P coverage based on our calibration
curve in Fig. 2�, our AES measurements did not detect any
difference in P coverage before and after the 500 °C anneal.
This agrees with previous studies of PH3 dosed Si�100�
showing that P coverages less than �0.1 ML remain intact
for anneals up to �600 °C.9,16 However, for saturation dosed
samples ��0.33 ML�, we observed a 6% reduction in the
AES signal for P after the 500 °C anneal. We attribute this
reduction to the recombinative desorption of PH3 which has
resulted in a corresponding decrease of P coverage from 0.33
to 0.31 ML for our saturation dosed samples.17

IV. ELECTRONIC TRANSPORT

The electrical characteristics for samples N1–N7 are sum-
marized in Table I. Sample N1 with the lowest doping of
1.2�1013 cm−2 gave non-Ohmic behavior with a sheet resis-
tance of �xx�1 M� �−1. For doping 	2�1013 cm−2, our
samples show Ohmic conductivity. Our data therefore sug-
gests that a transition from strong to weak localization for
Si:P �-doped layers occurs in the vicinity of 1�1013 cm−2,
similar to that observed for Si:Sb �-doped layers.18

For the Ohmic samples N2–N7, the 2D carrier densities
nHall obtained from 4.2 K Hall-effect measurements are sum-
marized in Table I and compared to the P coverage in Fig. 3.

FIG. 1. �Color online� Filled state STM images of �a� a starting
Si�100� surface at −1.9 V and room temperature PH3 dosed Si�100�
surfaces at −2.2 V for doses of �b� 0.018, �c� 0.27, and �d� 1.4 L.

FIG. 2. �Color online� Surface P coverage calibrated by AES
and STM analysis. The dashed line is a guide to the eye.
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Samples N2–N6 exhibit almost complete electrical activation
�where a P atom occupies a substitutional lattice site and
gives up its free electron for conduction� while sample N7
with a P coverage of �5�1014 cm−2 shows only about
�20% activation. The significant reduction of dopant activa-
tion in sample N7 is attributed to the formation of inactive
P-related precipitates or dopant-vacancy complexes which
are known to cause the reduction/saturation of electrical ac-
tivity in heavily doped semiconductors where the number of
dopants exceed the solubility limit in Si.19

The analysis of electronic transport in samples with P
densities 	1.4�1013 cm−2 is complicated by occupation of
at least six subbands.20 For such degenerately �-doped
samples, however, strong intersubband scattering is
expected21,22 and it is therefore possible to ignore valley de-
generacies and adopt a single subband approximation.18,21,23

For the purpose of comparing transport trends, it is important
to note that this approximation does not alter the functional
form of the magnetotransport.24 In all cases, we assume an
electron effective mass m*=0.315 me.

25

In Fig. 4 we present the sheet resistance �xx, mobility 

and mean free path l as a function of nHall for our samples in
zero magnetic field. Figure 4�a� shows that �xx decreases as
nHall is increased. Here the increase in the number of carriers
dominates the electronic transport despite a corresponding
increase in the number of ionized dopant scattering centers.

Similar trends for �xx have been reported for Si:B �Ref. 21�
and Si:Sb �Ref. 18� �-doped layers �included in Fig. 4�a� for
comparison� fabricated using low-temperature MBE.

The mobility for each �-doped layer was calculated using

= ��xxnHalle�−1. Figure 4�b� shows that 
 decreases with
nHall. The decrease in 
 is ascribed to the increased impurity
scattering as a consequence of the higher in-plane dopant
density. While this trend is similar to those previously
reported5 for Si:Sb and Si:B �-doped samples, it contrasts
with a recent Si:P �-doping study by Zudov et al.,3 where the
highest 
 of �38 cm2 V−1 s−1 was found at an intermediate
nHall of 0.88�1014 cm−2.

In Fig. 4�c�, the mean free path l is observed to increase
with nHall. At first, this may seem counterintuitive as l may be
expected to decrease as the number of in-plane scatters in-
creases. However, l�
�nHall, so any decrease in 
 is offset
by the relatively larger effect of increasing nHall. This implies
that a higher doping density is favorable for achieving a
longer l in degenerately �-doped layers. However, when we

TABLE I. Characteristics of Si:P �-doped samples at 4.2 K.

Sample N1 N2 N3 N4 N5 N6 N7

ND �1014 cm−2�a 0.12 0.27 0.48 0.91 1.9 2.1 5.2b

nHall �1014 cm−2� 0.23 0.41 0.85 1.9 2.0 1.2

�xx �k� �−1� �103 5.0 3.2 2.0 0.94 0.87 1.5


 �cm2 V−1 s−1� 56 48 37 35 36 34

l �nm� 4.4 5.1 5.7 8.0 8.4 6.2

� �fs� 13 12 7.7 6.8 6.9 6.8

�� �ps� 0.56 0.72 0.99 1.2 1.2 0.98

l� �nm� 26 36 52 80 82 59

aP coverage.
bFrom Ref. 14.

FIG. 3. �Color online� Hall carrier densities for samples N2–N7
vs P coverage. The solid line corresponds to complete electrical
activation.

FIG. 4. �Color online� �a� Sheet resistance �xx from this study
compared with those from Si:Sb �Ref. 18� and Si:B �Ref. 21�
�-doped systems, �b� mobility 
, and �c� electronic mean free path
l against carrier density nHall. Dashed lines are guides to the eye.
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try to increase the PH3 dose to �0.8 ML, as in sample N7,
donor activation is severely curtailed and nHall drops to
1.2�1014 cm−2. Nevertheless, we see that the values of �xx,

, and l for sample N7 all appear to fit the respective general
trends. While this suggests that the inactive dopants do not
contribute significantly to electron scattering, it also high-
lights that no further transport enhancement is derived from
such a high level of doping. For doping STM patterned ar-
eas, saturation PH3 dose at RT represents the highest achiev-
able nHall and the longest l as demonstrated by sample N6
�nHall�2�1014 cm−2�.

We now turn our attention to magnetotransport properties
in order to extract the phase relaxation time �� and the phase
coherence length l� which are important for fabricating de-
vices which exploit quantum interference. Figure 5�a� shows
plots of the magnetoconductivities

��B� =
1

�xx�B�
−

1

�xx�0�
�1�

for the samples N2–N7 in a perpendicular magnetic field B.
The inverted peak at B=0 is characteristic of weak localiza-
tion arising from the interference of electron waves in time-
reversed trajectories. The application of a perpendicular B
breaks the time-reversal symmetry resulting in the release of
electrons from localized trajectories26 and this is reflected by
the increase in � with B for each sample as shown in Fig.
5�a�. Over a range of 2 T, the overall change in � is ob-
served to increase with nHall. This behavior, as we shall show
in the following analysis, is a reflection of the enhancement
of phase coherent transport with higher carrier density nHall.

To obtain �� and l�, we used the formulation by Hikami27

for a disordered 2D system

��WL�B� = −
�e2

�h
���1

2
+

B0

B
	 − ��1

2
+

B�

B
	
 , �2�

where � is a phenomenological prefactor, � is the digamma
function, and B0 and B� are, respectively, the characteristic
magnetic fields associated with transport and phase relax-
ation rates. By fitting � to ��WL�B�−��WL�0�, we deter-
mine

� =
�

4DeB0
and �� =

�

4DeB�

�3�

from which we calculate the phase coherence length using
l�=�D��, where D= 1

2vF� is the diffusion constant and vF is
the Fermi velocity. The values of �, ��, and l� extracted from
fitting our data to Eq. �2� are summarized in Table I and
plotted as a function of nHall in Figs. 5�b� and 5�c�. In all
cases, we obtained � within the range 1.2 to 1.4 indicating
that the observed magnetoconductivity is primarily related to
weak localization.28,29

Figure 5�b� shows that as nHall increases, � decreases as
expected �mirroring the behavior of 
 in Fig. 4�b��. How-
ever, �� is observed to increase with nHall. At low tempera-
tures, the dominant dephasing mechanism in a 2D system is
electron scattering from the fluctuating potential of all mov-
ing electrons �Nyquist noise�.30 This leads to a universal ma-
terial independent formula for ��:

1

��

= −
kT

2�

e2

��
�xx ln

e2

��
�xx. �4�

As we saw earlier in Fig. 4�a�, �xx shows a general decrease
with increasing nHall. Equation �4� implies that for Nyquist
dephasing, as �xx decreases, �� should increase. This is in
agreement with the general increase of �� with nHall as shown
in Fig. 5�b�. Quantitatively however, we find that the theo-
retical values of �� based on Eq. �4� are larger than our
experimental values in Fig. 5�b� by a factor of �15. Note
that similar discrepancies between the theory and experiment
have also been previously observed.30,31 We have found that
this factor may be reduced by using a larger electron effec-
tive mass and/or a valley degeneracy greater than 1 in our
calculations. The observed discrepancy between the values
of the measured and theoretical �� may therefore arise from
our effective mass and/or single subband approximations.

In Fig. 5�c�, l� is observed to increase with nHall. As l�

��nHall���, we expect l� to depend on nHall, � and ��. A
careful study of Fig. 5�b�, however, reveals that as nHall is
increased, the decrease in � is compensated by the increase in
��. Hence, l� depends primarily on nHall which therefore ac-
counts for the increase in l� with nHall.

For sample N7, despite its low electrical activation, the
values for �� and l� lie within �10% of the main trend lines.
Although this suggests that the inactive dopants do not con-
tribute significantly to dephasing, it is clear that the higher P
density in sample N7 does not further enhance phase coher-
ent transport because of the inability to achieve a higher
carrier density.

FIG. 5. �Color online� �a� Magnetoconductivities ��B� for Si:P
� layers, �b� transport ��� and phase ���� relaxation times as a func-
tion of sheet density nHall, and �c� phase-coherent length �l�� as a
function of nHall. Dashed lines are guides to the eye.
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To summarize, the longest l� is attained at a doping den-
sity of �2�1014 cm−2 corresponding to a saturation dose of
PH3 at RT. For STM fabrication of Si:P devices that exploit
phase coherent transport, a saturation dose of PH3 is there-
fore advantageous. In fact, at temperatures �1 K, l� is ob-
served to increase further to �200 nm for our PH3 saturation
dosed sample N6.

V. CONCLUSION

In conclusion, we have studied the effect of doping den-
sity on electronic transport in Si:P �-doped layers fabricated
by phosphine dosing and low temperature molecular beam
epitaxy. While room temperature PH3 dosing is favored for
its compatibility with STM lithography on H:Si�100�, we
have also investigated PH3 dosing at 550 °C in order to
achieve a higher P coverage. This enables us to analyze
the transport trends over a wider doping range
��1�1013 cm−2 to �5�1014 cm−2�. For RT PH3 dosed
samples, we demonstrate that the P coverage determined by
STM analysis based on P-related surface species10 is in good
quantitative agreement with AES measurements.

We observe that only samples with doping densities
	2�1013 cm−2 exhibit Ohmic conductivity and the highest
2D electron density nHall of �2�1014 cm−2 is achieved by a
saturation dose of PH3 at RT. At a very high P coverage of

�0.8 ML �or �5�1014 cm−2�, electrical activation is sig-
nificantly reduced to �20% due to the formation of deacti-
vating precipitates/defects. In contrast to the recent study of
Si:P �-doped samples by Zudov et al.,3 we find that the mo-
bility decreases monotonically with nHall. However, our mo-
bility trend is in agreement with existing reports for Si:Sb
and Si:B �-doped samples.5 Most importantly, we show that
both the mean free path l and phase coherence length l�

increase with carrier density up to a maximum of �10 and
�100 nm, respectively, using a RT saturation dose of PH3.
For STM device fabrication, a RT saturation dose of PH3 is
thus expected to maximize the upper limits of the length
scales for both ballistic and phase coherent transport. Our
results imply that STM fabricated Si:P devices that exhibit
ballistic transport are limited to a length scale of several
nanometers while those exploiting phase coherent transport
can be at least an order of magnitude longer.
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