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The effects of P doping on growth kinetics and surface morphological evolution during Si�001�:P
gas-source molecular beam epitaxy from Si2H6 and PH3 at temperatures Ts=500–900 °C have been
investigated. With increasing PH3 /Si2H6 flux ratio JP/Si at constant Ts, we observe a decrease in the
film growth rate R and an increase in the incorporated P concentration CP, both of which tend
toward saturation at high flux ratios, which is accompanied by increased surface roughening and pit
formation. At constant JP/Si, R increases with increasing Ts, while CP initially increases, reaches a
maximum at Ts=700 °C, and then decreases at higher growth temperatures. We use in situ
isotopically tagged D2 temperature programed desorption �TPD� to follow changes in film surface
composition and dangling bond density �db as a function of JP/Si and Ts. Measurements are carried
out on both as-deposited Si�001�:P layers and P-adsorbed Si�001� surfaces revealing �1 and �2

peaks due to D2 desorption from Si monohydride and dihydride species, respectively, as well as the
formation of a third peak �3 corresponding to D2 desorption from mixed SiuP dimers. Dissociative
PH3 adsorption on Si�001� results in a decrease in �db and an initial increase in P surface coverage
�P with increasing Ts. Saturation �P values reach a maximum of �1 ML at Ts=550 °C, and decrease
with Ts�600 °C due to the onset of P2 desorption. Comparison of �P�Ts� results obtained during
film growth with postdeposition CP�Ts� results reveals the presence of strong P surface segregation.
From measurements of �P versus CP in Si�001�:P layers grown as a function of Ts, we obtain a P
segregation enthalpy �Hs=−0.86 eV. By using the combined set of results, we develop a predictive
model for CP versus Ts and, JP/Si incorporating the dependence of the PH3 reactive sticking
probability SPH3

on �P, which provides an excellent fit to the experimental data. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2925798�

I. INTRODUCTION

Phosphorus is a common n-type dopant in Si-based mi-
croelectronic devices, typically introduced during Si�001�:P
chemical vapor deposition �CVD� by using PH3 as a precur-
sor. However, P exhibits a strong tendency toward surface
segregation1 and, due to its pentavalent nature, terminates
Si�001� surface dangling bonds. This, in turn, influences the
Si�001�:P film growth rate2,3 and induces surface
roughening.4,5 The observed decrease in growth rate and the
onset of surface roughening are directly related to the pres-
ence of P at the growth surface. Thus, quantitative measure-
ments of the P surface coverage �P as a function of deposi-
tion conditions, which include incident precursor fluxes and
film growth temperature Ts, are essential for understanding
the effects of P doping on the growth of epitaxial Si�001� and
for modeling P incorporation kinetics.

In this article, we present the results of experiments—
which utilize a combination of in situ D2 temperature pro-
gramed desorption �TPD�, Auger electron spectroscopy
�AES�, and reflection high-energy electron diffraction

�RHEED�, together with postdeposition atomic force micros-
copy �AFM�, transmission electron microscopy �TEM�,
high-resolution x-ray diffraction �HR-XRD�, and secondary
ion mass spectroscopy �SIMS�—designed to determine the P
surface coverage �P, film growth rate R, incorporated P con-
centration CP, and the microstructure and surface morphol-
ogy of Si�001�:P layers versus Ts and the PH3 flux JPH3

. We
then use kinetic rate equations describing the adsorption of
PH3 on Si�001� and the desorption of H2 and P2, to formulate
an expression for �P�Ts ,JPH3

�. From the combination of
steady-state Ts-dependent �P and CP results during Si�001�:P
film growth, we obtain the P segregation enthalpy, �Hs=
−0.86 eV, and develop a predictive model for dopant incor-
poration that expresses CP as a function of Ts and JPH3

.
Si�001�:P layers are grown in ultra-high vacuum �UHV�

by gas-source molecular beam epitaxy �GS-MBE� from
Si2H6 and PH3. GS-MBE was chosen for these experiments,
rather than CVD, in order to use in situ TPD and AES for
quantitative measurements of surface dangling bond and P
coverages as a function of Ts and JPH3

.

II. EXPERIMENTAL PROCEDURE

All Si�001�:P films are grown in a multichamber ultra-
high vacuum system, which is described in detail in Ref. 6
and is evacuated by a combination of ion and turbomolecular
pumps to a base pressure of 5�10−11 Torr. The film growth
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chamber is equipped with RHEED and is connected through
a transfer chamber to an analytical chamber containing pro-
visions for AES and low-energy electron diffraction. TPD
measurements are performed in a separate chamber contain-
ing a heavily differentially pumped Extrel quadrapole mass
spectrometer �QMS� connected to the analytical station.

The Si�001� substrates are 1�3 cm2 plates cleaved from
500-�m-thick p-type Si wafers. Initial cleaning consists of
solvent degreasing by successive rinses in trichloroethane,
acetone, propanol, and de-ionized water. The substrates are
then subjected to four wet-chemical oxidation/etch cycles
composed of the following steps: 2 min in a 2:1:1 solution of
H2O:HCl:H2O2, a rinse in fresh ultrapure de-ionized water,
and a 30 s etch in dilute �10%� HF. They are blown dry in
ultrahigh purity Ar, exposed to a UV/ozone treatment involv-
ing UV irradiation from a low-pressure Hg lamp
�15 mW cm−2� for 30 min in air to remove C-containing
species,7 and introduced through the transfer chamber into
the deposition system where they are degassed at 600 °C for
4 h, followed by flash heating to consecutively higher tem-
peratures, reaching a maximum of 1100 °C, to remove the
oxide. The chamber pressure does not exceed 5�10−9 Torr
during oxide desorption. RHEED patterns from substrates
subjected to this procedure are 2�1 with sharp Kikuchi
lines. No residual C or O is detected by AES.

Two types of samples are used in these experiments. The
first set consists of P-adsorbed Si�001� wafers with surface
coverages �P=0.12–0.98 ML �ML denotes monolayer� as
measured by TPD. The samples are obtained by exposing
clean substrates to a PH3 flux of 1.6�1014 cm−2 s−1 for suf-
ficient time to reach saturation coverage �up to 30 min� at
temperatures between 300 and 900 °C. They are then
quenched to room temperature at �100 °C s−1. Based on
phosphorus TPD results �Sec. III A and IV A� and the known
desorption rate constant �Sec. IV A�, the maximum loss in P
coverage during quenching from the highest temperature of
900 °C is insignificant, �0.03 ML. P-adsorbed samples are
used to determine steady-state �P�Ts� values and provide
TPD spectra for comparison with doped Si�001�:P layers.

The second set of samples consists of P-doped Si�001�
layers, which are �100 nm thick. These specimens are used
for SIMS measurements of the incorporated P concentration
CP, as well as for AFM, TEM, and XRD investigations. The
films are grown from Si2H6 and PH3 molecular beams deliv-
ered to the substrate through individual directed tubular dos-
ers located 3 cm from the substrate at an angle of 45°. The
dosers are coupled to feedback-controlled constant-pressure
reservoirs, in which pressures are separately monitored by
capacitance manometers whose signals are, in turn, used to
control variable leak valves. Valve sequencing, pressure, gas
flows, and substrate temperature are all computer controlled.
PH3 to Si2H6 flux ratios in these experiments range from
0.002 to 0.161.

Following P adlayer or Si�001�:P deposition, the samples
are quenched to room temperature and exposed to atomic
deuterium until all H is replaced by D and saturation cover-
age �D,sat is achieved. For this purpose, D2 is delivered
through a doser identical to those in the growth chamber and
a hot W filament in the gas stream is used to crack the gas.

Deuterium is employed rather than hydrogen to suppress the
background signal during TPD measurements.

The TPD experiments are performed in the analytical
chamber with the sample placed 2 mm from the 5 mm diam-
eter hole in the skimmer cone of the Extrel QMS. Samples
are heated by direct current at a linear rate of 2 °C s−1, while
the temperature is determined by a thermocouple calibrated
using an optical pyrometer.

Deposited film thicknesses are measured by microstylus
profilometry, while P concentrations in as-deposited layers
are determined using a Cameca IMS-5F SIMS instrument
with a 10 keV Cs+ primary ion beam. Quantification to
within an experimental uncertainty of 10% is obtained by
using P-implanted bulk-Si standards with known P concen-
trations. Other than intentionally introduced P, the films con-
tain no detectable impurities.

To investigate the crystalline quality of doped Si�001�
layers, HR-XRD scans are acquired by using a four-axis dif-
fractometer with a collimating x-ray mirror, a Bartels four-
crystal Ge�022� monochromator, and an Euler sample cradle
with independent computer-controlled drive of all sample ro-
tation angles. The instrument is capable of positioning
samples to within 1 arc s. Cu K�1 radiation �	
=1.540 597 Å�, with an angular divergence of �12 arc s and
a wavelength spread of �2�10−5, is incident at an angle 

with respect to the sample surface.

High-resolution, dark-field, and bright-field cross-
sectional TEM �XTEM� analyses are performed in a JEOL
2010 LaB6 microscope operated at 200 kV. Sample prepara-
tion and ion thinning follow the procedure described in Ref.
8.

III. EXPERIMENTAL RESULTS

A. P-adsorbed Si„001… samples

Figure 1�a� is a reference D2 TPD scan from deuterium-
saturated Si�001�. The spectrum is composed of two peaks:
�1 centered at 515 °C, due to desorption from the 2�1
monodeuteride phase, and �2 at 405 °C, due to desorption
from the 1�1 dideuteride phase.9 D2 TPD spectra from
Si�001� surfaces dosed to saturation coverages with JPH3
=1.6�1014 cm−2 s−1 at Ts values ranging from 300 to
900 °C are shown in Fig. 1�b�. With increasing Ts, the inte-
grated intensities under the TPD spectra decrease, reach a
minimum at 600 °C, and then increase at higher Ts values.

The TPD spectra in Fig. 1�b� reveal that PH3 adsorption
on Si�001� at Ts�600 °C causes a reduction in �1 intensity,
while �2 tends to increase relative to that of the clean Si�001�
TPD spectrum. As discussed in more detail in subsequent
sections, the initial decrease in �1 intensity I�1 with increas-
ing Ts arises from a corresponding decrease in the surface
dangling bond coverage in the presence of surface P. I�1

reaches a minimum at 600 °C and then increases at Ts

�600 °C due to phosphorus desorption. The initial increase
in �2 intensity I�2�Ts� in Fig. 1�b� results from a reduction in
Si�001�2�1 dideuteride steric hindrance10 in the presence of
surface SiuP and PuP dimers. With increasing Ts, the
P-induced effects on steric hindrance are offset by lower sur-
face dangling bond coverages. I�2�Ts� also exhibits a mini-
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mum at �600 °C and increases at higher temperatures as the
phosphorus desorption rate becomes significant. Similar TPD
results have been reported for As-adsorbed Si�001�.11

Adsorption of PH3 on Si�001� yields a surface composed
of a mixture of SiuSi, SiuP, and PuP dimers through
substitutional incorporation of P adatoms into the first atomic
layer of Si�001� via Si atom ejection.12 P adatoms are pen-
tavalent, forming two bonds to underlying Si atoms and one
bond to the neighboring Si �or P� dimer atom. In this bond-
ing state, each P surface atom has a set of lone-pair electrons,
rather than a dangling bond �the case for Si surface atoms�,
as schematically shown in Fig. 2. Thus, the presence of P
passivates the surface via a reduction in the dangling bond

density ��db�, which influences the kinetics of layer growth,
surface morphological evolution, and dopant incorporation,
as will be discussed in Sec. III B and III C.

PH3 dissociatively adsorbs on Si�001� as PH2 and H at
100 K, with the onset of PH2 decomposition occurring at
Ts�225 °C.13 Thus, in our dosing experiments at Ts

=300–400 °C, PH3 decomposes into adsorbed P and three
H. Since the H2 desorption rate at these temperatures is neg-
ligible, �P�0.25 ML. AES measurements show that �P re-
mains constant with increasing Ts until the onset of hydrogen
desorption at �400 °C, above which �P increases, reaching
a maximum at �550 °C, and then decreases at Ts

�600 °C.14 The latter is due to the onset of phosphorus
desorption as will be discussed later in this section. This
behavior is illustrated in Fig. 3, which shows typical AES
spectra containing Si and P L23M23M23 peaks, located at 92
and 120 eV, respectively, acquired following PH3 dosing at
Ts=300, 600, and 900 °C. The P coverage �P increases with
Ts from 300 to 600 °C, followed by a decrease in �P as Ts is
further increased to 900 °C. The ratio between the maximum
P AES intensity, obtained at 550 °C, and the 300 °C value,
�P,max /�P�300 °C�, is approximately 4,14 indicating that
�P,max is near 1 ML.

All TPD spectra are fitted by using standard Polanyi–
Wigner analysis, in which the desorption rate d�D /dT is ex-
pressed as15

d�D

dT
= − ���D

n

�
�exp�−

Ea

kT
	 , �1�

where � is the attempt frequency, �D is the instantaneous D
coverage, n is the order of the desorption reaction, � is the
sample heating rate, Ea is the desorption activation energy,
and k is the Boltzmann constant. At high pumping speeds,16

ln��D�T�
�0

� = −
�

�
I�T� �2�

for first-order desorption, and

�D�T� =
�0

1 + � 

�
	�0I�T�

�3�

for second-order desorption. �0 in Eqs.�2� and �3� is the ini-
tial coverage and I�T� is given by

FIG. 1. D2 TPD spectra from D-saturated �a� Si�001� and �b� Si�001� sur-
faces exposed to a PH3 flux JPH3

=1.65�1014 cm−2 s−1 for 30 min at tem-
peratures Ts of 300–900 °C. The �1 monodeuteride and �2 dideuteride sur-
face phases are schematically illustrated in �a�. The gray circles correspond
to Si atoms, while the black circles are D atoms. Note the strained dimer
bond between the upper Si atoms in the �1 monodeuteride unit.

FIG. 2. Schematic representation of SiuSi, SiuP, and PuP dimer bonds
on Si�001�2�1 as viewed along the �110� direction.

FIG. 3. AES spectra from Si�001� surfaces exposed to a PH3 flux JPH3
=1.65�1014 cm−2 s−1 for 30 min at Ts=300, 600, and 900 °C.
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I�T� =
Ea

k

 e−�

�2 �
n=1

�
�− 1�n+1n!

�n−1 

T0

T

, �4�

in which �=Ea /kT. Clean Si�001� D2 TPD spectra �see Fig.
1�a��, are fitted by using second-order desorption for �2 and
first-order desorption for �1, the latter due to
�-bond-induced pairing of D atoms on single dimers.17 The
results yield E1=2.52 eV with �1=1�1015 s−1 for �1 and
E2=1.88 eV with �2=1�1013 s−1 for �2, which are consis-
tent with previously reported results.10 The agreement be-
tween measured and calculated spectra is excellent except at
high temperatures �i.e., low deuterium coverages�, where the
measured curve is higher than the calculated curve as D2

desorption becomes limited by second-order bimolecular
recombination.18 The saturated D coverage ��D,sat� is 1.2 ML,
which is less than the 2 ML expected for complete dideu-
teride coverage, due to steric hindrance resulting from elec-
tronic repulsion between adsorbed nearest-neighbor deute-
rium atoms.10

PH3 adsorption results, in addition to a decrease in �1

and an increase in �2, in the appearance of a new peak �3

centered at 480 °C. We attribute the emergence of �3 to
deuterium desorption from SiuP heterodimers. D2 desorp-
tion spectra from P-adsorbed Si�001� surfaces are fit using
three second-order desorption peaks, as shown in Fig. 4, for
a TPD spectrum from a sample dosed with PH3 at Ts

=500 °C. The �1 and �2 peaks have the same physical origin
as for TPD spectra from clean Si�001�, and thus, the same
activation energies and frequency factors. However, upon P
adsorption, �1 follows second-order desorption kinetics, as
was observed for both Ge- and As-adsorbed Si�001�.11,19

Thus, P adsorption inhibits deuterium pairing on Si�001�,
presumably due to a reduction in D adatom mobility. The
change from first-to second-order desorption kinetics results
in the �1 peak temperature shifting upwards with increasing
�P �decreasing �D,sat� as Ts is increased �see Fig. 1�b��. �3 is
fitted by using the same frequency factor as �1 but with a
slightly lower activation energy of 2.40 eV. Spectra calcu-
lated by using Eq. �3� based on the three second-order peaks
�1, �2, and �3 are in excellent agreement with all P-adsorbed
Si�001� TPD data.

From the fitted TPD results, we obtain �db and �P as a
function of Ts. The surface dangling bond density can be
expressed in terms of the normalized �1 and �3 monodeu-
teride peak intensities as

�db =
I�1

+ I�3

I�1,Si�001�
, �5�

where I�1,Si�001� is the integrated intensity of the �1 peak from
the clean Si�001� surface. Note that the �2 intensity is not
required in Eq. �5�, since the concerted recombinative H2

desorption from adjacent dihydride species leaves two adja-
cent Si monohydride units.20 The P coverage �P is then given
by the expression

�P = 1 − �db = 1 −
I�1

+ I�3

I�1,Si�001�
. �6�

Based on Eqs. �5� and �6�, �db=0.87 ML and �P=0.13 ML at
Ts=300 °C. �P then increases ��db decreases� with increasing
Ts, reaching a maximum of 0.49 ML ��db=0.51 ML� at
550 °C. At higher Ts values, �P steadily decreases ��db in-
creases� to 0.06 ML ��db=0.89 ML� at Ts=900 °C.

The TPD results yield a P coverage ratio
�P,max /�P�300 °C� of �4 in good agreement with previously
reported results14 based on P AES intensities as well as with
our own AES intensity measurements. However, in compari-
son with the expected �P values of �0.25 ML at Ts

=300 °C and �1 ML at Ts=550 °C, the absolute magni-
tudes of our �P results are lower by a factor of 2. We attribute
the difference to the presence of P-induced surface defects,
previously observed by scanning tunneling
microscopy,12,21,22 which provide additional dangling bond
sites for D adsorption and thus cause �P values obtained from
TPD measurements to underestimate the actual P coverages.
To account for this, we insert a factor of 2 in Eq. �6�. Thus,

�P = 2�1 − �db� = 2�1 −
I�1

+ I�3

I�1,Si�001�
	 . �7�

Analyses of our TPD data using Eq. �7�, which assumes that
the surface defect density is linearly proportional to �P,
yields �P=0.26 ML at 300 °C and �P,max=0.98 ML.

�P values obtained by using Eq. �7� are plotted as a func-
tion of Ts in Fig. 5. �P remains constant at �0.25 ML up to

FIG. 4. Fitted D2 TPD spectra from a Si�001� surface exposed to a PH3 flux
JPH3

=1.65�1014 cm−2 s−1 for 30 min at Ts=500 °C. The spectrum consists
of peaks labeled �1, �2, and �3, due to desorption from Si monodeuteride,
dideuteride, and mixed SiuP dimers, respectively.

FIG. 5. P coverages �P obtained from TPD measurements of Si�001� sur-
faces exposed to a PH3 flux JPH3

=1.65�1014 cm−2 s−1 for 30 min at tem-
peratures Ts between 300 and 900 °C.
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the temperature at which H2 desorption becomes significant,
�400 °C. �P then rapidly increases with Ts, as additional
dangling bond sites become available for PH3 adsorption,
and reaches a maximum value of 0.98 ML at Ts=550 °C
before decreasing at higher temperatures to 0.12 ML at Ts

=900 °C. Our phosphorus TPD results show that the de-
crease in �P�Ts� is predominantly due to recombinative P2

desorption, with an onset temperature of �600 °C. The lat-
ter is in agreement with the work of Jacobson et al.23 Satu-
rated �P�Ts� values obtained from P-adsorbed Si�001�
samples are used as reference data for analyzing Si�001�:P
TPD results that will be presented in Sec. III B. The validity
of the absolute P coverages we obtain will be further tested
and confirmed in Sec. IV C, where we use them to calculate
the complete set of P concentrations CP incorporated in
Si�001�:P films grown as a function of JP/Si and Ts. The re-
sults exhibit good agreement with experimental values.

B. P incorporation and surface coverage during
Si„001…:P growth

In this section, we use a combination of in situ TPD and
postdeposition SIMS measurements to determine the steady-
state P surface coverage �P and the incorporated P concen-
tration CP as a function of Ts and JP/Si during Si�001�:P film
growth. The Si�001�:P layers, which are �100 nm thick, are
deposited at temperatures ranging from 500 to 900 °C with
a constant Si2H6 flux of 2.2�1016 cm−2 s−1; JP/Si is varied
from 0.002 to 0.161.

�P values were measured as a function of Ts and JP/Si via
D2 TPD by following the procedure discussed in Sec. III A.
Typical D2 TPD scans from P-doped Si�001� layers grown at
800 °C with different values of JP/Si are shown in Fig. 6. The
spectra vary with increasing JP/Si in a manner similar to
P-adsorbed Si�001� TPD spectra with increasing �P �see Fig.
1�b��: �1 becomes second order, a new peak �3 appears, the
intensity I�1 decreases, and both I�2 and I�3 increase. The

origins of these changes with JP/Si are identical to those dis-
cussed in Sec. III A. in the case of P-adsorbed Si�001�. Inte-
grated saturated deuterium coverages �D,sat initially decrease
with increasing JP/Si due to a P-induced reduction in �db.
However, at high P /Si flux ratios, this effect is offset by
surface roughening, which provides additional dangling
bonds as will be discussed in Sec. III C.

�P versus Ts results for Si�001�:P layers grown at con-
stant JP/Si are qualitatively similar to those for P-adsorbed
Si�001�. Typical data, which in this case are obtained with
JP/Si=0.004, are plotted in Fig. 7. With increasing Ts, �P

initially increases, reaches a maximum of 0.54 ML at Ts

=600 °C, and then decreases to 0.19 ML at Ts=900 °C.
CP is plotted as a function of JP/Si and Ts in Fig. 8. At

constant Ts, CP initially increases rapidly with JP/Si, and then
more slowly at higher PH3 fluxes. For a given value of JP/Si,
CP first increases with Ts up to 700 °C, as the corresponding
increase in the hydrogen desorption rate provides more dan-
gling bond sites for PH3 adsorption, and then decreases at
higher Ts values, for which the gain in �db is overcome by
phosphorus loss due to desorption. The maximum CP is 3.1
�1019 cm−3, which is obtained at Ts=700 °C with JP/Si

=0.142.
The combined results for �P�Ts ,JP/Si� and CP�Ts ,JP/Si�

demonstrate strong P surface segregation during Si�001�
layer growth. In the absence of surface segregation, �P for all
Si�001�:P layers would be below the TPD detection limit,

FIG. 6. �a� D2 TPD spectra from Si�001�:P GS-MBE layers grown at Ts

=800 °C with incident PH3 /Si2H6 flux ratios JP/Si ranging from 0.004 to
0.142. JSi2H6

is maintained constant at 2.1�1016 cm−2 s−1.

FIG. 7. Steady-state P surface coverages �P, which are obtained from TPD
measurements during GS-MBE Si�001�:P growth at Ts=500–900 °C. The
incident PH3 /Si2H6 flux ratio is JP/Si=0.004.

FIG. 8. P concentrations CP incorporated in GS-MBE Si�001�:P layers
grown at Ts=500–900 °C with incident PH3 /Si2H6 flux ratios JP/Si ranging
from 0.004 to 0.161. JSi2H6

is maintained constant at 2.1�1016 cm−2 s−1.
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which is �0.02 ML. For example, layer growth at Ts

=600 °C with JP/Si=0.004 yields CP=8.8�1018 cm−3 which
corresponds to �P=1.77�10−4 ML. However, the actual
measured �P value is 0.52 ML, which is approximately 3000
times larger.

C. Si„001…:P growth rate and surface morphological
evolution

Phosphorus surface segregation has a significant effect
on the deposition rate R of Si�001�:P layers as well as on
surface morphological evolution. Film growth kinetics are
primarily controlled by the dissociative adsorption rate of
Si2H6 which strongly varies with �H and �P whose values
are, in turn, highly Ts dependent. Figure 9 is a plot of R
versus JP/Si �0–0.161� and Ts �500–900 °C�. At Ts=500 °C,
R�0.34 nm min−1, which is essentially independent of JP/Si

since Si2H6 �and PH3� adsorption is limited by the relatively
slow desorption rate of H2. However, with Ts�600 °C, R
decreases with increasing JP/Si due to a corresponding in-
crease in �P. At large JP/Si, �P, and hence R, approach
Ts-dependent saturation values. Further increases in JP/Si

have little effect on R. Figure 9 also shows that saturation
occurs at lower JP/Si values with higher film growth tempera-
tures. At constant JP/Si, R increases with Ts due to increas-
ingly rapid H2 and P2 desorption. At the highest PH3 flux
used in these experiments �JPH3=3.40�1015 cm−2 s−1, JP/Si

=0.161�, R ranges from 0.34 nm min−1 at 500 °C to
29.2 nm min−1 at 900 °C.

The surface morphological evolution of Si�001�:P layers
is directly related to the high steady-state P surface coverages
resulting from the strong driving force for segregation. Since
P terminates surface dangling bond sites and inhibits Si2H6

precursor adsorption, instantaneous film growth is inhibited
at P surface sites and only occurs at Si sites, which leads to
roughening as Si deposition occurs nonuniformly over the
surface.

A typical series of AFM images from 100-nm-thick
P-doped Si�001� layers grown at Ts=800 °C with increasing
PH3 flux is shown in Figs. 10�a�–10�d�. At the lowest flux
ratio investigated, JP/Si=0.002 �Fig. 10�a��, surface roughen-
ing proceeds via the formation of ripples along elastically
soft �100 directions24 and small �20–30 nm diameter� Si

islands. The rate of island nucleation during P adsorption is
enhanced by the ejection of first-layer Si atoms onto the
surface,12 which raises the Si supersaturation on terraces. In-
creasing JP/Si to 0.011 gives rise to a larger average Si island
size, with a maximum diameter of approximately 100 nm,
and the onset of self-organized pit formation aligned along
�100 directions �see Fig. 10�b��. Pits become larger and oc-
cupy a higher fraction of the surface area as JP/Si increases
�Fig. 10�c��, eventually overlapping at JP/Si=0.142, resulting
in the formation of �100 oriented trenches �Fig. 10�d��. The
root-mean-square �rms� surface roughness w, shown as an
inset in each image, continuously increases with increasing
JP/Si.

The film growth temperature Ts also has a significant
effect on Si�001�:P surface morphology due to the inter-
related effects of H2 desorption, P adsorption, P2 desorption,
and kinetic limitations on surface diffusion. This is illustrated
by comparing Figs. 10�d�–10�f�, which correspond to Ts

=800, 700, and 600 °C with JP/Si maintained constant at
0.142. The film surface exhibits a spongelike appearance
with small pits �average diameter of �90 nm� at Ts

=600 °C, while at 700 °C, both pit formation and ordering
become more prominent, with an average pit size of
�170 nm. At Ts=800 °C self-organized trench structures
aligned along �100 are observed. w increases from 5.0 nm at
Ts=600 °C, to 9.3 nm at Ts=700 °C, to 12.1 nm at Ts

=800 °C.

FIG. 9. GS-MBE Si�001�:P film growth rates R as a function of the incident
PH3 /Si2H6 flux ratio JP/Si and deposition temperature Ts. JSi2H6

is main-
tained constant at 2.1�1016 cm−2 s−1.

FIG. 10. AFM images of GS-MBE Si�001�:P films showing the variation in
surface morphology and rms roughness w with growth temperature Ts and
incident PH3 /Si2H6 flux ratio JP/Si: �a� Ts=800 °C, JP/Si=0.002; �b� 800 °C,
0.011; �c� 800 °C, 0.021; �d� 800 °C, 0.142; �e� 700 °C, 0.142; and �f�
600 °C, 0.142. The white arrows in panel �a� point to small �20–30 nm� Si
islands.
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No dislocations are observed in XTEM images of even
the most highly doped films �CP=3.1�1019 cm−3� despite
the significant degree of P-induced surface roughening ob-
served. 2�-
 XRD scans of the 004 Bragg peak confirm the
high crystalline quality of the highly doped films, with full
width at half maximum values �2�-
 of 0.0241°, compared to
0.0090° for bulk Si�001� wafers. The peak broadening is pri-
marily due to P-induced strain.

IV. DISCUSSION

We have shown that through their influence on �P, the
deposition parameters JP/Si and Ts significantly affect the rate
of Si�001�:P layer growth from hydride precursors, the incor-
poration of P in the growing film, and surface morphological
evolution. With increasing JP/Si, R decreases, while CP ini-
tially increases rapidly, and then begins to level off for
JP/Si�0.02. Layers also roughen at higher PH3 fluxes �Ts

=constant� and Ts values �JP/Si=constant�. These effects are
due to the passivating nature of adsorbed P on Si�001� in
concert with strong surface segregation. In this section, we
discuss the kinetics of PH3 adsorption, P surface segregation,
and P incorporation in more detail. Kinetic rate equations are
developed to describe our experimentally observed
�P�Ts ,JPH3

� and CP�Ts ,JPH3� results.

A. PH3 adsorption on Si„001…

PH3 has been shown by high-resolution electron energy
loss spectroscopy �HREELS� to dissociatively adsorb on
Si�001� as PH2 and H at 100 K, while the onset of PH2

dissociation to adsorbed P and two H adatoms occurs at Ts

�225 °C.13 The overall PH3 adsorption reaction can, there-
fore, be expressed as

PH3�g� → PH2�ad� + H�ad� → P�ad� + 3H�ad� . �8�

TPD measurements show that phosphorus and hydrogen de-
sorptions from Si�001� both recombinatively occur, by fol-
lowing second-order desorption kinetics, as P2 and H2. The
onset temperature for P2 desorption is �600 °C with a rate
constant kd,P2

=4.2�1011 exp�−2.64 eV /kTs�,
23 while the H2

desorption onset temperature is �400 °C �see Fig. 1�b��
with kd,H2

=1�1015 exp�−2.52 eV /kTs�.
10

The saturation P coverage on Si�001� at a given Ts is
dependent on the incident PH3 flux JPH3

and reactive sticking
coefficient SPH3

, the P2 desorption rate, and the H surface
coverage �H. There is a mutual interdependence between �P

and �H; surface H inhibits PH3 adsorption by terminating
surface dangling bond sites. The time rates of change in �P

and �H as a function of Ts can be expressed as

d�P

dt
=

JPH3
SPH3

Ns
�1 − �P − �H�2 − kd,P2

�p
2 �9�

and

d�H

dt
=

3JPH3
SPH3

Ns
�1 − �P − �H�2 − kd,H2

�H
2 , �10�

where Ns is the surface site density, which is 6.8
�1014 cm−2. SPH3

, which is the reactive sticking probability

of PH3 on clean Si�001�, has been shown to be unity at room
temperature.25 We expect that SPH3

=1 at Ts�300 K, since
the dissociative adsorption of PH3 on clean Si�001� should
more readily occur at higher temperatures. The solution to
the coupled Eqs. �9� and �10� provides a good fit to our
experimental �P�Ts� data, as shown in Fig. 11�a�. �H=0.75
ML ��P=0.25 ML� at Ts�400 °C. With increasing Ts, �H

rapidly decreases due to the onset of H2 desorption, resulting
in a corresponding increase in �P, which reaches a maximum
near 1 ML at Ts�550 °C before decreasing at higher Ts as
the P2 desorption rate becomes significant.

Calculated values of �P as a function of PH3 exposure
time t and dosing temperature are plotted in Fig. 11�b�. At
Ts=300 °C, P2 and H2 desorption rates are slow and �P re-
mains essentially constant at 0.25 ML. At Ts=450 and
500 °C, �P slowly increases with dosing time but does not
reach a steady-state value even at t=2000 s �total PH3 dose
of 2.9�1017 cm−2�. With Ts�500 °C, as H2 desorption
rates become increasingly fast, �P rapidly reaches steady
state. Dosing times t�30 s are sufficient at Ts�700 °C. At
a constant dosing time of 1800 s, �P initially increases with
increasing Ts from a minimum of 0.25 ML at 300 °C to a
maximum of 0.98 ML at 550 °C, before decreasing at Ts

�600 °C, reaching 0.26 ML at 900 °C.

B. P surface segregation during GS-MBE

The results presented in Sec. III B. for incorporated P
concentrations CP �Fig. 8� and surface coverages �P �Fig. 7�
as a function of JP/Si and Ts during the growth of Si�001�:P
layers clearly demonstrate that P has a strong tendency to-
ward surface segregation. Developing a predictive model for
CP�JP/Si ,Ts� requires knowledge of the segregation enthalpy
�Hs, since P is incorporated from the surface layer. The

FIG. 11. �a� The data points are steady-state P coverages �P obtained from
TPD measurements of Si�001� surfaces exposed to a PH3 flux JPH3

=1.65
�1014 cm−2 s−1 at temperatures Ts ranging from 300 to 900 °C. �P and �H

curves are calculated by using Eq. �9� and �10�. �b� Calculated results for �P

as a function of PH3 dosing time t with JPH3
=1.65�1014 cm−2 s−1.
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steady-state P segregation ratio during Si�001�:P film growth,
which is defined as the P surface coverage �P divided by the
incorporated P fraction xP, can be expressed as26

rP =
�P

xP
= �1 − �P�exp

− �Hs

kTs
. �11�

Substituting the definition xP=CP /nSi, in which nSi is the
bulk-Si atom density �5�1022 cm−3�, yields a direct relation-
ship between �P and CP,

�P =
CP exp�− �Hs/kTs�

nSi − CP�1 − exp�− �Hs/kTs��
. �12�

To obtain �Hs, we combine the �P�JPH3
,Ts� results ob-

tained from TPD experiments �Fig. 11�a�� with CP�JPH3
,Ts�

data obtained from SIMS measurements �Fig. 8�. For this
analysis, we only use results from Si�001�:P layers grown at
Ts�600 °C, for which �H is negligible and steady-state con-
ditions are rapidly achieved �see Fig. 11�b��. Figure 12 is a
plot of �P versus CP for layers grown at Ts=600–800 °C
with JP/Si ranging from 0.004 to 0.161. At constant Ts, both
CP and �P increase with JP/Si. An excellent fit to the experi-
mental data is obtained by using Eq. �12� with a segregation
enthalpy �Hs=−0.86�0.02 eV. This is a reasonable value
compared to results for other common n-type dopants, �Hs

=−0.92 eV for Si�001�:As �Ref. 11� and −1.2 eV for
Si�001�:Sb.27 As and Sb are increasingly larger than P, which
leads to higher strain-driven dopant segregation rates.

At sufficiently high film growth temperatures, P diffu-
sion and segregation rates are much larger than film growth
rates, which results in equilibrium segregation behavior, for
which rP increases with decreasing film growth temperature.
If the film growth rate becomes of the order of, or greater
than, the dopant segregation rate, segregation becomes ki-
netically limited and rP increases with increasing Ts. The
results in Fig. 12 show that with Ts�600 °C, P surface seg-
regation is in the equilibrium regime.

C. P incorporation kinetics

At constant Si�001�:P growth temperatures Ts�600 °C,
incorporated P concentrations initially increase rapidly and

then more slowly with increasing JP/Si, as shown in Fig. 8. To
obtain an expression for CP as a function of Ts and JP/Si

during Si�001�:P gas-source epitaxy, we combine Eq. �12�,
which relates CP to �P, with Eq. �9�, which expresses the
time rate of change of �P as a function of JPH3

, SPH3
, and Ts.

At steady state, with Ts constant and �H�0 �Ts�600 °C�,
Eq. �9� reduces to

JPH3
SPH3

Ns
�1 − �P�2 = kd,P2

�p
2, �13�

which, after rearranging, can be expressed as

�p =
�JPH3

SPH3

�JPH3
SPH3

+ �kd,P2
Ns

. �14�

By combining Eqs. �12� and �14�, and initially assuming
SPH3

=1, we obtain CP versus. JP/Si. Typical results are plotted
in Fig. 13 for Ts=800 °C. Good agreement is obtained be-
tween the calculated curve and experimental data for layers
with CP�5�1018 cm−3. However, at higher P doping con-
centrations, calculated CP values are increasingly higher than
the experimental data. We attribute this to a decrease in SPH3
due to the lower dangling bond densities associated with
increased �P. However, this is partially offset by the presence
of P-induced surface defects, which increase �db. Surface de-
fects play a significant role in adsorption, as discussed in
Sec. III A, and must be accounted for when describing P
adsorption and incorporation kinetics. Assuming that the ma-
jority of surface P is present in the form of SiuP dimers and
that dissociative adsorption of PH3 follows second-order ki-
netics, we express SPH3

as �1−�P /2�2, where the factor of 2
in the denominator accounts for excess dangling bonds due
to P-induced defects, as discussed in Sec. III A. This pro-
vides a good fit to the complete set of experimental data, as
shown in Fig. 13.

Based on the above results, we conclude that the reason
for the increasingly sublinear behavior of CP with increasing
JP/Si at constant Ts is the increase in �P, driven by strong P
surface segregation, which gives rise to a decrease in the
effective PH3 sticking probability. Similar results have been
reported for Si�001�:As hydride growth.11 Because of the de-

FIG. 12. The data points are steady-state P surface coverages �P as a func-
tion of the incorporated P concentrations CP in GS-MBE Si�001�:P layers
grown with JP/Si ranging from 0.004 to 0.161 at Ts=600, 700, and 800 °C.
Curves are calculated by using Eq. �12� with a P surface segregation en-
thalpy �Hs=−0.86 eV.

FIG. 13. The data points are experimentally determined P concentrations CP

in GS-MBE Si�001�:P layers grown at Ts=800 °C as a function of the
incident PH3 /Si2H6 flux ratios JP/Si. JSi2H6

was maintained constant at 2.1
�1016 cm−2 s−1. The curves are calculated from Eq. �14� by using PH3

reactive sticking probabilities SPH3
of 1 and �1−�P /2�2.
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pendence of SPH3
on �P, the overall P incorporation probabil-

ity is extremely sensitive to the segregation rate. For ex-
ample, Eqs. �12� and �14� show that decreasing rP by 15%
with JP/Si=0.001 at Ts=800 °C increases CP by �60%.

D. Si„001…:P surface morphological evolution

The observed changes in surface morphology and rough-
ness w with Ts and JP/Si are directly related to the coverage
and spatial distribution of P. In addition to dangling bond
passivation, P adsorption induces ejection of surface Si at-
oms. Si ejection dominates at low �P values �i.e., low JP/Si�,
which give rise to relatively smooth layers decorated with
small Si islands. With increasing �P �as JP/Si is increased at
constant Ts�, P clustering and reductions in �db play a more
significant role as film growth is inhibited at P-terminated
surface sites and Si deposition preferentially occurs on P-free
regions, causing laterally nonuniform layer growth, pitting,
and an increase in roughness. The variation in surface mor-
phology with Ts provides insight into the interdependent ef-
fects of P coverage and clustering on Si�001�:P morphologi-
cal evolution. At constant JP/Si, �P reaches a maximum at
Ts�550 °C and decreases with increasing Ts, as discussed
in Sec. III A. The high pit density, small average pit size, and
relatively low roughness of films grown at 600 °C are in-
dicative of a random distribution of surface P and high �P.
With increasing Ts�600 °C, thermally enhanced P surface
mobilities lead to an increase in the degree of P clustering
which, in conjunction with a decrease in �P due to P2 desorp-
tion, results in larger average pit sizes, lower pit densities,
and higher w values.

Self-organized �100-oriented pit formation suggests that
surface P tends to form clusters aligned along the �100 di-
rections, presumably to minimize strain energy. �100 ori-
ented arrays of strained islands have also been observed dur-
ing the growth of SiGe /Si�001� �Ref. 28� and Ge /Si�001�,29

and calculations have shown that the total energy of arrays of
coherently strained islands on the �001� surface of a cubic
crystal is minimized when the islands are aligned along the
elastically soft �100 directions.30

V. CONCLUSIONS

During Si�001�:P layer growth, high surface P coverages
resulting from a strong driving force for segregation signifi-
cantly influence film growth kinetics, P incorporation, and
morphological evolution. We have investigated the depen-
dence of �P, R, CP, and surface morphology on Ts and JPH3

.
In situ D2 TPD measurements of PH3-adsorbed Si�001�

at Ts values between 300 and 900 °C show that at low tem-
peratures, for which H2 and P2 desorptions are negligible, �P

initially remains constant at �0.25 ML due to dissociation of
PH3 into adsorbed P and three H adatoms. As Ts is raised
above �400 °C, �P�Ts� increases as H2 desorption begins to
be significant and additional adsorption sites become avail-
able. �P�Ts� reaches a maximum of �1 ML at Ts=550 °C
and then decreases with increasing Ts�600 °C due to P2

desorption.
For growth of epitaxial Si�001�:P layers at constant JP/Si,

the steady-state �P value initially increases with increasing Ts

and then decreases with Ts�600 °C, which is similar to the
case of P adsorption. For example, with JP/Si=0.004, �P var-
ies from 0.25 ML at Ts�500 °C, to a maximum of 0.54 ML
at 600 °C, to 0.19 ML at 900 °C. With JP/Si constant, the
incorporated P concentration CP also increases with Ts,
reaches a maximum, and decreases for Ts�700 °C. A dop-
ing level of CP=3.1�1019 cm−3 is obtained with JP/Si

=0.142 and Ts=700 °C. At constant Ts, CP initially increases
rapidly with JP/Si and then levels off at high flux ratios due to
a decrease in the PH3 sticking probability at high �P values.

The strong surface segregation of P during Si�001� film
growth is demonstrated by comparing �P�Ts� and CP�Ts� re-
sults. Measured �P�Ts� values are much higher than would be
expected from CP�Ts� data in the absence of segregation, by
up to a factor of almost 3000. Such high surface phosphorus
concentrations inhibit local film growth and result in surface
roughening due to the passivating nature of P. As a result, R
decreases as JP/Si �and thus, �P� increases at constant Ts.
However, R increases with Ts at constant JP/Si due to expo-
nentially faster H2 and P2 desorption rates. Fitting our
�P�Ts ,JPH3

� versus CP�Ts ,JPH3
� data by using Eq �13� yields

a P surface segregation enthalpy �Hs=−0.86 eV.
Solving coupled equations for the �P and �H time rates of

change, which are dependent on JPH3
and Ts, yields an ex-

pression for �P�Ts ,JPH3
� in excellent agreement with experi-

mental data. We then insert �P�Ts ,JPH3
� into Eq. �13� and

obtain an expression for CP�Ts ,JPH3
�, which also exhibits

good agreement with our experimental results and shows
that, due to the interaction between �P and SPH3

, the overall P
incorporation probability is extremely sensitive to the P sur-
face segregation rate.

Si�001�:P surface morphology exhibits a pronounced de-
pendence on JP/Si and Ts via changes in �P and kinetic limi-
tations on adatom mobilities that affect the spatial distribu-
tion of surface P. As JP/Si increases at constant Ts, pitting
becomes more pronounced due to higher P coverage and
films become rougher. With increasing Ts at constant JP/Si,
pits become larger and the overall surface morphology dra-
matically changes, from a spongelike surface composed of a
high density of small and randomly oriented pits to a surface
with large pits and trenches aligned along the elastically soft
�100 directions. This change in surface morphology with
increasing Ts is due to a decrease in �P in conjunction with
enhanced P adatom mobilities.
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