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Abstract

This study investigates the adsorption and thermal decomposition of phosphine (PH3) on the Si(100)-(2×1)
surface. The adsorption species, dissociation reactions, atomic ordering, and surface morphology of the
phosphine/Si(100) surface at temperatures between 300 and 1060 K are examined by scanning tunneling microscopy
(STM) and high-resolution core-level photoemission spectroscopy employing synchrotron radiation. The P 2p core
level spectra clearly indicate that phosphine molecularly adsorbs at room temperature and partially dissociates into
PH2 and H on a time scale of minutes at low (<0.2 ML) coverages. An exposure of >15 Langmuirs (L,
1 Langmuir=10−6 Torr s−1) of phosphine on the Si(100)-(2×1) surface at room temperature produces a saturated
and disordered surface. The total amount of P on the saturated surface is ca 0.37 ML as calibrated by the P 2p
photoemission intensity. Successive annealing of the saturated surface at higher temperatures converts PH3 into PH2,
converts PH2 to P–P dimers, and causes the desorption of PH3. These processes become complete at ~700 K, and
the resulting surface is a H/Si(100)-(2×1) surface interspersed with one-dimensional P–P islands. Desorption of
hydrogen from that surface occurs at ~800 K, and is accompanied by partial displacement of P with Si atoms on the
substrate. At 850 K, the Si(100) surface, interspersed with 0.22 ML of two-dimensional islands, is a random alloy of
nominal 0.5 ML Si–P heterodimers and 0.5 ML Si–Si dimers. © 1999 Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction fundamental issues regarding the surface species,
their bonding configuration, and their thermal
stability remain unclear [2–9].Most silicon epitaxy uses the chemical vapor

deposition (CVD) technique [1]. In silicon CVD Yu, Vitkavage and Meyerson explored the inter-
action between phosphine and the Si(100) surfaceprocesses, phosphine (PH3) is frequently added to

the Si source gas for in situ n-type doping during using secondary ion mass spectroscopy (SIMS),
Auger electron spectroscopy (AES), X-ray photo-deposition. Although the apparently simple

adsorption and desorption processes which occur electron spectroscopy ( XPS), temperature pro-
grammed desorption (TPD) and low-energyduring the interaction of phosphine with Si(100)
electron diffraction (LEED) measurements [2,3].surfaces have received extensive attention, several
On the basis of thermal desorption spectroscopy,
it was contended that PH3 adsorption on Si(100)-* Corresponding author. Fax: +886-3-5729288;

e-mail: dslin@cc.nctw.edu.tw. (2×1) at room temperature is largely molecular
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with a sticking coefficient of near unity and annea- sociatively, depending on the flux and coverage
during exposure [7].ling PH3-saturated surface caused partial dissoci-

ation of PH3 at 475 K and hydrogen desorption In light of the above developments, this study
presents STM and synchrotron radiation core-levelat 675 K. Their results further indicated that the

maximum phosphorus coverage, close to 1-ML photoemission spectroscopy data for the thermal
reactions of PH3 on Si(100)-(2×1). Comp-(1 ML=6.8×1014 cm−2) at 823 K and 0.25 ML at

300–673 K, strongly varies with the substrate tem- lementary in nature, these two techniques allow us
to collect detailed surface chemical informationperature. By employing STM, Wang et al. observed

two varieties of protrusions directly on top of a and real-space surface images on an atomic scale.
The experimental results indicate that the growthsingle Si–Si dimer at the initial stage of PH3

adsorption on Si(100) at 300 K [4]. Although their of phosphorus on Si(100) using phosphine
involves several reaction steps. The relevant reac-STM images revealed vacancies having a depth of

a step height (1.36 Å), no features were identified tions are summarized as follows:
as H atoms adsorbed on Si dimers. Therefore, that

PH3(g)�PH3(a), (1)investigation correlated the two features with
molecularly adsorbed PH3 and ejected silicon from PH3(a)�PH2(a)+H(a), (2)
the substrate during PH3 adsorption, despite the

2PH2(a)+2Si–Si(s)�P–P(a)(dimer)+2Si2H2(a),fact that ejecting a silicon dimer requires a signifi-
cant amount of activation energy (~2.5 eV ) [10]. (3)
In a related investigation, Wang et al. demon-

PH2(a)�H(a)+PH3(g), (4)strated that the Si(100) surface consists of P–P
dimers at maxima (one full monolayer) phosphorus Si2H2�Si–Si(s)+H2(g) (5)
coverage, and a nearly random alloy of P–P, Si–

andSi and Si–P dimers at <1 ML phosphorus cover-
age [5]. Colaianni et al. carefully examined the P–P(a)+Si–Si(s)�2P–Si(dimer)(a), (6)
PH3/Si(100) system using high-resolution electron

where (a), (g) and (s) denote an adsorbed surfaceenergy loss spectroscopy (HREELS), AES and
species, a desorbed gas molecule and a substrateTPD [6 ]. Based on the appearance of a Si–H
surface species, respectively. The temperatures atstretching mode, they concluded that most of the
which these equations take place heavily rely onphosphine adsorbs dissociatively on the Si(100)-
the availability of the surface dangling bonds,(2×1) surface to produce PH

n
(n=1, 2) and H

similar to that found in another CVD system [11].species as low as 100 K, in contrast to the above-
In addition, the STM images reveal the formationmentioned nondissociative adsorption model.
of one-dimensional P–P dimer chains surroundedAccording to their TPD data, PH3 desorption
by Si monohydride in Eq. (3).peaks appear at 485 and 635 K, and H2 at 685

and 770 K. Kipp et al. also performed STM meas-
urements of the PH3 adsorption on Si(100)-
(2×1), similarly observing oblong protrusions 2. Experimental
centered on Si dimers at room temperature [8].
Notably, their total energy calculations indicated STM measurements were performed in a

stainless steel chamber with a base pressurethat a PH3 molecule located above the center of a
Si–Si dimer is unstable, thereby leading to their <1×10−10 Torr. A bolt-on commercial UHV–

STM system was used. The STM tips were electro-conclusion that the phosphine mainly dissocia-
tively adsorbs into P–P dimers between 300 and chemically etched tungsten wires. All images were

obtained in a constant current mode with a tunnel-500 K. Hamers et al. recently re-examined the
PH3/Si(100)-(2×1) system using Fourier trans- ing current of ~0.3 nA. Slight distortions due to

thermal drift were not corrected.form infrared spectroscopy (FTIR) and found that
phosphine adsorbs both nondissociatively and dis- The photoemission experiments were performed



9D.-S. Lin et al. / Surface Science 424 (1999) 7–18

in another m-metal shielded UHV system utilizing small shoulder peak located at ca −0.51 eV rela-
a 1.5-GeV synchrotron radiation source in tive to the bulk. The S∞ component is not visually
Hsinchu, Taiwan. Light from the storage ring was resolved; however, previous studies have confirmed
dispersed by a 6-m low-energy spherical grating its presence [12,13]. Other investigators have
monochromator (LSGM ). The photocurrent from attributed the S and S∞ components to emissions
a gold mesh positioned in the synchrotron beam from the surface dimer atoms, each having a
path was monitored to relatively measure the dangling bond, and the second-layer atoms, respec-
incident photon beam flux. The PH3 adsorption, tively [12]. Nevertheless, other assignments are
annealing and phosphorus growth were prepared available for the S and S∞ components, accounting
in situ in UHV conditions. Photoelectrons were for the charge asymmetry between two buckled
collected and analyzed by a 125 mm hemispherical dimer atoms [13]. However, such an uncertainty
analyzer. The overall energy resolution was does not affect the current discussion since our
<120 meV. focus is only on the relative intensity of the S

The Si(100) samples were sliced from boron- component, which is undoubtedly derived from
doped wafers with an electrical resistivity of the dimer layer.
~10 Vcm, corresponding to a dopant concen- The line shapes of Si 2p core level in Fig. 1a
tration of ~1.5×1015 cm−3. The wafer’s misalign- after phosphorus growth can be fitted with two
ment was ca 0.1° towards 
011�. Substrate components with varying width: one ( labeled B)
cleaning involved outgassing at ~900 K for ~12 h arising from bulk silicon atoms and another
followed by d.c. heating to ~1450 K for a few ( labeled Sp) from the P–Si interface. The energy
seconds. Next, phosphine (Voltaix, ultrahigh positions for the B components of the Si 2p spectra
purity grade) was introduced into the chamber in Fig. 1a thus found are used for the relative
through a precision leak valve. The dosing pres- binding-energy scale for the corresponding P 2p
sure, in the 10−9–10−8 Torr range, was monitored spectra in Fig. 1b. Using this internal energy refer-
by an ionization gauge not directly facing the

ence allows us to eliminate the effect of bandsample. The sample was annealed by passing a
bending due to the surface changes. All of thecurrent through it and its temperature was mea-
other P 2p core-level spectra presented later usesured with an infrared (IR) pyrometer. Each
the energy reference found in the same manner.annealing lasted for 60 s.
According to Fig. 1b, exposure of phosphine at
660 K results in a relatively sharp P 2p line shape.
While containing only a pair of spin-orbit-split3. Photoemission results
peaks, the spectrum presumably corresponds to
phosphorus emissions from a single bonding envi-3.1. Phosphorus growth
ronment. All the remaining of P 2p spectra in
Fig. 1b also exhibit one spin-orbit-split componentFig. 1a and b display the Si 2p and P 2p core-
although their line shapes broaden. The normal-level spectra, respectively, for the Si(100) surface
ized integrated intensities of P 2p spectra in Fig. 1bafter exposure to 100 L of phosphine at various
account for the relative abundance of surfacesubstrate temperatures. The photon energies used
phosphorus atoms at various adsorption temper-are 136 eV for Si 2p and 160 eV for P 2p. The
atures, and are plotted in Fig. 2a. As Fig. 2abottom spectra of Fig. 1a represent a surface-
reveals, the photoemission intensity indicates thatsensitive Si 2p spectrum for the clean Si(100)-
maximum P coverage takes place at phosphine(2×1) surface and the least-squares analysis
adsorption temperature of ~850 K, which corres-results. Following the standard procedure [12], the
ponds to previous studies [3]. The intensity of thespectrum is analyzed in terms of three spin-orbit-
maximum coverage is nominally 1 ML, as indi-split components S, S∞ and B of identical Voigt
cated in Refs. [3,5,8]. Correspondingly, the totalline shape (convolution of a Gaussian and a
amount of P coverage on room-temperature phos-Lorentzian). The B component corresponds to the

bulk emission. The S component accounts for the phine saturated Si(100) surface is 0.37 ML.
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(a) (b)

Fig. 1. Photoemission spectra (#) for (a) the Si 2p and (b) the P 2p core levels for phosphine adsorption on Si(100) at various
adsorption temperatures as indicated. The solid curves in (a) are fit to the spectra. The curves labeled B, S, S∞ and Sp are the results
of a decomposition into individual components, each having a pair of spin-orbit-split peaks. The B component is derived from the
bulk; S, S∞ and Sp are surface related. The relative binding energy of Si 2p core levels refers to the Si 2p3/2 line of the B component
of a clean Si(100)-(2×1). To eliminate the band bending effect, the relative binding energy for P 2p refers to the corresponding
Si 2p3/2 line of the B component. All the Si 2p and P 2p spectra in this paper are presented in this manner.

At growth temperatures between 790 and 890 K, ratio (Sp:B) is 0.92. According to the layer attenua-
tion model, this large ratio implies that 2 ML ofthe line shapes of Si 2p core closely resemble each

other. The P–Si interface related (Sp) component silicon atoms underneath the surface phosphorus
layer contribute to the Sp component. However,has a binding energy shift from the B component

by 0.49 eV to the higher binding energy side. The the mechanism for shifting 2 ML S∞ core levels to
the same energy positions remains unclear.normalized total Si 2p intensity after 100-L phos-

phine adsorption at 850 K decreases by ~27%
from the clean Si(100)-(2×1) surface (bottom 3.2. Annealing of PH

3
adsorbed Si(100)-(2×1)

surfacesspectrum in Fig. 1a). By assuming that a layer
(presumably ~1.4 Å in thickness) of phosphorus
attenuates the Si 2p photoelectron signals, an Fig. 3a and b show the Si 2p and P 2p core-

level spectra, respectively, for Si(100) surface afterelectron escape depth of ~4.4 Å is derived. This
finding correlates well with a typical value of 4 Å exposure to 50-L phosphine at 325 K and followed

by successive anneals to higher temperatures. Atfor electrons with kinetic energy $30 eV [14,15].
Notably, the measured interface-to-bulk intensity this dose, the surface is saturated by phosphine
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nent of the corresponding Si 2p core, the total
integrated intensity (ITot), and the intensity of the
S component (IS), the Si 2p spectra in Fig. 3a are
fitted with three components, S, B and SPH, with
varying width. The SPH component simulates the
mixture of the phosphorus and hydrogen shifted
components; its energy position is set at +0.4 eV
relative to B. Fig. 2b plots the intensity ratio,
IS/ITot. After annealing at 1040 K for 60 s, the
intensity ratio is 0.15, which is slightly lower than
the value of 0.18 for the original clean surface.

The bottom spectrum in Fig. 3b is obtained
from the PH3-saturated surface near room temper-
ature. Its line shape displays three distinct peaks
and can be analyzed in terms of two spin-orbit-
split components, P2 and P3, as indicated. The
relative binding energy of the P2 component is
lower than that of P3 by 0.54 eV. As the annealing
temperature increases to 540 K, the line shape
remains largely the same. Above 540 K, the P2
peak grows at the expense of P3. Upon 620 K
annealing, the P 2p spectrum largely consists of
one component, that is, P2. Above 620 K, the
intensity of the P2 component decreases when a
new feature appears on the lower binding energy
side, ca 0.29 eV relative to the P2 component.
Upon 720 K annealing for 1 min, the spectrum
consists of just one relatively sharp spin-orbit-split

Fig. 2. (a) Phosphorus coverage obtained from FFig. 1b. (b) component ( labeled P0). Voigt line shapes are
Intensity ratio of the S component and the total intensity of then used to fit the spectrum and the resulting
Si 2p, and (c) photoemission intensity for the P0 (#, $), P2 line-shape parameters are as follows: spin-orbit
(+), P3 (6) components and the sum of the three components

splitting, 0.850 eV; p1/2/p2/3 intensity branching(%) of P 2p as a function of annealing temperature. The sample
ratio, 0.50; Lorentzian full-width-at-half maxi-for (b) and (c) is Si(100) initially saturated by a 50 L PH3

exposure at 325 K. mum, 0.075 eV; and Gaussian full-width-at-half-
maximum, 0.394 eV. Above 720 K, although the
line shapes for the P 2p broaden, their energy(see Section 3.2) and the S component of the Si 2p
positions remain roughly the same. Annealingspectrum for clean Si(100)-(2×1) obviously disap-
above 940 K causes the P 2p signals to decrease.pears, indicating that the dangling bonds of the
Fig. 2c plots the intensity of the P3, P2, P0 compo-surface dimer layer are passivated. The S compo-
nents, and the sum of these three components asnent gradually reappears beyond 725 K.
a function of annealing temperature. Fig. 2 con-Obviously, the line shapes for the Si 2p spectra in
tains four temperature ranges, denoted as A, B, CFig. 3a change and shift for increasing annealing
and D, in which one or more curves show signifi-temperatures. As mentioned in Section 3.1, the
cantly steeper slopes. Such behavior implies certainphosphorus-induced component Sp is shifted from
transitions or reactions. The relevant temperaturesthe bulk component by +0.49 eV, close to the
define these ranges are the following: T1=hydrogen induced chemical shift of ~0.3 eV [16 ].

To obtain the energy positions for the B compo- 540, T2=620, T3=700, T4=820 and T5=920 K.
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(a) (b)

Fig. 3. Photoemission spectra (#) for (a) Si 2p (b) P 2p core levels for various annealing temperatures as indicated. The sample is
Si(100)-(2×1) saturated with a 50-L PH3 dose at 325 K. The arrow labeled S in (a) indicates the position for emission from the
open dimer atoms (the S component). The fit (solid curve) and the decomposed individual P2 and P3 components for the bottom
P 2p spectrum are also shown. The two vertical dash lines in (b) are guides to the eyes for the energy positions of the P2 and P0
components.

3.3. Room temperature adsorption versus the phosphine dose. The total photoemis-
sion intensity increases quickly in the initial 2 L
exposure and eventually saturates after a totalFig. 4a and b depict the Si 2p and P 2p core-

level spectra, respectively, taken after exposing the exposure of ~15 L. The intensity is scaled in a
manner in which the saturation coverage is set atSi(100)-(2×1) surface to various exposure levels

of phosphine at ~300 K. Upon >2 L of PH3 0.37 ML based on the measurement shown in
Fig. 2a.adsorption, the S component completely disappear

and the valley between two spin-orbit-split peaks
of the B component fills in. As the phosphine
dose accumulates, the integrated photoemission 4. STM results and discussion
intensity of P 2p spectra in Fig. 4b monotonically
increases. In addition, the spectra in Fig. 4b con- 4.1. Room temperature adsorption behavior
tain three distinct peaks and can be analyzed in
terms of two spin-orbit-split components P2 and As mentioned in Section 1, vibrational bands

for PH2 and SiH in HREELS and IR adsorptionP3 of identical line shapes. Fig. 5 plots the inten-
sities of the two components and the total intensity peaks for PH3, PH2 and SiH are observed upon
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(a) (b)

Fig. 4. Photoemission spectra for (a) Si 2p (b) P 2p core levels for various PH3 exposures on Si(100)-(2×1) at ~300 K. The fit (solid
curve) for the bottom P 2p spectrum is shown, along with the individual P2 and P3 components. The intensity of each spectrum has
been normalized to the incident photon beam intensity.

the phosphine adsorption on Si(100)-(2×1) at STM images such as that in Fig. 7 and those in
Refs. [4,8], most adsorption features appear onroom temperature, indicating that phosphine dis-

sociatively adsorbs to some extent [6,7]. Owing to top of a single dimer. This observation suggests
that the dissociation of PH3 may alternatively takethat trihydrides generally exhibit a higher chemical

shift than dihydrides [16,17], the P3 and P2 com- place via insertion of PH2 into a dimer bond as
shown in configuration B of Fig. 6. In this bondingponents in Fig. 4b can be readily assigned to

signals from the adsorbed PH3 and PH2 surface configuration, the phosphorus atom in a PH2
radical form covalent bonds with two neighboringspecies, respectively. Fig. 6 illustrates the overall

surface reactions pathways. Both Kipp et al. [8] Si atoms and two H atoms. The fifth valance
electron can resonantly form the second valenceand Cao et al. [18] calculated the PH3/Si(100)

system, indicating that the PH3 molecules favor bond with one of the two neighboring Si atoms
and, possibly, prevents the two Si from furtherbonding on one end of a Si–Si dimer in the

dangling bond positions, as illustrated in configu- PH3 adsorption. The dissociated H may then
attach itself to a nearby Si dangling bond. Theration A of Fig. 6. The adsorbed PH3 may decom-

pose to form PH2 by releasing a hydrogen atom overall reaction is energetically favorable since
dimer bond breaking requires ~2.3 eV, while Hto a nearby Si dangling bond. The dissociated

PH2 radicals may retain its bonding on one end termination of dangling bonds releases ~3.6 eV
[19]. In configuration B, an adsorbed phosphorusof a Si–Si dimer as proposed in Ref. [7]. In the
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Fig. 5. Coverage of the P2 (#), P3 (+) components, and the
sum of the two components ($) as derived from Fig. 4b. The

Fig. 7. STM images of the Si(100) surface after exposure to a
total coverage for 50-L PH3 exposure is scaled to 0.37 ML

small amount of PH3 at room temperature. The sample bias
(see text).

used was ~2.3 V.

exposure accumulates. In contrast, the intensity of
the P2 components remains largely the same for
exposure beyond 1 L, implying that the relative
abundance of PH2 and PH3 species rely heavily on
the total coverage. Upon initial PH3 exposure, a
sufficient amount of free surface sites are available,
in which the molecularly adsorbed PH3 dissociate
into PH2 and H. This dissociation process occurs
at a time scale of minutes at room temperature as
demonstrated below. Fig. 8 depicts two P 2p
spectra taken ~5 and ~30 min after PH3 exposure
at room temperature. The intensity ratio of the P2
and P3 components is 1.8 and 3.0 for the lower
and the upper spectra in Fig. 8, respectively.
Restated, approximately one-third of PH3 mole-
cules dissociate during the ~25-min period (the
photon shutter was closed meanwhile). The P 2pFig. 6. Atomic model for the Si(100)-(2×1) surface and sche-
line shape beyond 30 min remains largelymatic diagrams illustrating the various bonding configurations

of the PH3 fragments. unchanged, indicating that some PH3 species are
stable and probably associated with adsorption
around defect sites.atom consumes three free Si sites, thereby leading

to the low (~0.37 ML) saturation phosphorus
coverage at room temperature. 4.2. Transition A

According to Fig. 5, the intensity of the P3
components with a PH3 dose of <1 L is smaller The onset of transition A at T1 is characterized

by a rise of the P2 signal at the expense of P3, asthan that of P2, but continues to increase as
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a single (P2) component with some broadening
possibly due to vibrational excitations as well as a
slight amount of the arising P0 component.
Halfway through transition A (~580 K), the sur-
face consists of both PH2 and PH3 species and is
still highly disordered, as illustrated in Fig. 9a.

4.3. Transition B

Transition B is characterized by a rapid trans-
formation of the P2 component to P0 and a large
(~25%) reduction of total surface phosphorus
coverage. Fig. 9b and c show the STM images
taken after annealing of the room-temperature
PH3-saturated surface to the temperatures near
the beginning and the end of transition B. Fig. 9b
indicates that the adsorption fragments on the
surface after 630 K annealing are still disordered,
although a chainlike structure is present. Upon
further annealing at 730 K, most adsorption frag-
ments line up into short one-dimensional trains,
as Fig. 9c depicts. The trains are orthogonal to the
dimer rows on the substrate. The substrate dimer
rows resemble the (2×1) Si2H2 monohydride
structure [20]. Owing to that the desorption maxi-
mum of H2 from Si2H2 is ~800 K, the annealing
temperature of 730 K is not sufficiently highFig. 8. Photoemission spectra of P 2p core levels for the Si(100)
enough to desorb hydrogen atoms from the sur-surface after exposing to 0.3-L of PH3 at 300 K. The lower and

upper spectra were taken at about 5 and 30 min after PH3 expo- face. Therefore, the substrate dimer rows in Fig. 9c
sure. The exposure itself lasted ~60 s. may be readily attributed to Si2H2 dimers. The

reduction in P-coverage during transition B corre-
lates with the finding of the molecular phosphinedepicted in Fig. 2c. During this transition, the

molecularly adsorbed PH3 species gradually disso- desorption feature at 635 K in TPD spectra [6 ].
Since both PH2D and PH3 desorption peaks atciates into PH2 and H as indicated by Eq. 2. Fig. 2c

also reveals that the total P coverage drops slightly 635 K are observed on a Si(100) surface partially
covered with D species before PH3 exposure,during the transition. This drop is likely attributed

to partial desorption of nondissociated PH3 since Colaianni et al. contended that phosphine desorp-
tion arises from PH2+H recombination as Eq. (4)a previous TPD study reveals a small PH3 desorp-

tion peak at 485 K. As mentioned in Section 4.1, indicates. Colaianni et al. also observed a H2
desorption peak at 685 K and full removal of thethe P coverage on room-temperature saturated

Si(100) surface is 0.37 ML. However, configura- PH2 scissor mode and the P–H stretching mode in
HREELS spectra at 650 K, indicating that PH2tion B in Fig. 6 suggests that dissociated PH2 and

H consume three surface sites, resulting in 0.33 ML (a) undergoes thermal decomposition to P and H
near 650 K. The above evidence cumulatively sug-P coverage at most. The excess adsorbed PH3 of

0.04 ML would have to desorb intact into space, gests that the dimer-chain features in Fig. 9c are
P–P dimers (configuration C in Fig. 6) and contrib-which corresponds to the reduction from 0.37 to

0.34 ML as shown in Fig. 2c. Upon 620 K annea- ute to the P0 component in Fig. 3b. All three
hydrogen atoms on an adsorbed PH3 molecularling, the P 2p core in Fig. 3b consists essentially of
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are released at ~700 K. Therefore, as expected,
the P coverage is only 0.25 ML, which corresponds
to the measured photoemission intensity in Fig. 2c.
Again, the excess PH2 fragments desorb from the
surface as described in Eq. (4).

4.4. Transition C

During transition C (between 700 and 820 K ),
the saturation phosphorus coverage surges rapidly
from a minimum to a maximum, as depicted in
Fig. 2a. Also, according to Fig. 2b, the S compo-
nent of the Si 2p spectra for the annealed Si(100)
surface initially saturated by PH3 at room temper-
ature, recovers half of its intensity. Owing to that
the S component in Si 2p spectra characterizes the
dimer atoms, its gradual reappearance suggests the
hydrogen desorption from Si2H2 monohydrides
[Eq. (5)]. The observation of this reaction temper-
ature region fairly corresponds to the b1 desorption
state centered at 780 K for the monohydride Si
surface in the TPD spectra. As mentioned in
Section 4.3, all hydrogen on adsorbed PH3 mole-
cules are released at ~700 K and, along with
phosphorus, terminate all surface sites. Therefore,
as expected, the P coverage is at the minimum
value of only 0.25 ML during phosphine exposure
at 700 K, which correlates with the measured pho-
toemission intensity in Fig. 2a. In contrast, all
hydrogen desorbs immediately upon PH3 exposure
at ~800 K, and all surface sites are available for
phosphorus, leading to the maximum P coverage
of ~1 ML.

Annealing the surface such as that of Fig. 9c to
840 K causes the one-dimensional chains to disap-
pear and two-dimensional islands to form, as
depicted in Fig. 10a. Notably, the large number of
the two-dimensional islands cover ~22% of the
surface. Similar to Si molecular-beam epitaxy on
Si(100)-(2×1) at a substantially lower temper-
ature of ~600 K, the two-dimensional islands have
typically very anisotropic shapes. In contrast to
Fig. 9c, the close-up image (Fig. 9d) reveals no

Fig. 9. STM images of the Si(100) surface after annealing to
(a) 580, (b) 630, (c) 730, (d) 840 and (d) 1060 K. The sample 200×300 Å2 for (b–d). The sample bias used was +2.5 V for
is Si(100)-(2×1) saturated by 20-L PH3 exposure at room tem- (a-d) and −2 V for (e). A monoatomic step can be discerned
perature. The scanned areas are 100×300 Å2 for (a, e) and around the upper right corner in (c).
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4.5. Transition D

Transition D involves the thermal desorption
of phosphorus on the surface. Annealing the phos-
phorus covered Si(100) surface beyond 920 K
decreases the P 2p photoemission intensity, as
depicted in Fig. 2c. Such a decrease is attributed
to the phosphorus desorption in the form of P2,
as demonstrated by TPD spectra [9]. STM images
(Figs. 9e and 10b) reveal that the Si(100) surface
is smooth and the dimer reconstruction is largely
restored after annealing at 1060 K for 60 s. In
addition, the P2 desorption rate depends mainly
on the substrate temperature and surface P cover-
age. During the continuous PH3 exposure beyond
T5 (920 K), the P coverage reaches saturation
when the P adsorption rate equals the desorption
rate. The saturation P coverage reaches maximum
(1 ML) at temperatures immediately before trans-

Fig. 10. Large area STM image for the same surface of Fig. 9d ition D since the P desorption rate is negligible,
and e. The area is 2000×4000 Å2. but decreases abruptly beyond T5 as P desorption

begins to occur, as depicted in Fig. 2a.

apparent atomic order on both the two-dimen-
sional islands and the substrate, although dimer
rows can be discerned on the substrate in some tip 5. Summary
conditions (see the lower corner of Fig. 9d). This
occurrence clearly subjects that phosphorus atoms Combining atomic-scale microscopy (STM)

and high-resolution spectroscopy (core-level pho-randomly disperse on the two-dimensional islands
as well as the substrate surface in the energetically toemission) techniques provided further insight

into the adsorption and thermal reactions of phos-more favorable form of Si–P heterodimers (con-
figuration D and E), as Ref. [5] proposes. As phine on the Si(100)-(2×1) surface. This is one

of the simplest CVD systems available. Based ondescribed in Section 4.2, P–P dimers, not observed
on the H-free Si(100) here, are stable on the the results in this study, we can conclude the

following:Si2H2 monohydride surface. Thus, hydrogen likely
hinders phosphorus from displacing silicon on the 1. Phosphine initially molecularly adsorbs on

Si(100) at room temperature, but dissociatessubstrate below ~800 K.
An adsorbed phosphorus atom can either incor- into PH2 at low coverages on a time scale of

minutes. At higher coverages (>0.18 ML), aporate into one of the two-dimensional islands or
displace a substrate silicon atom, which diffuses slight amount of adsorbed PH3 converts to

PH2 owing to the lack of nearby surface dan-on the surface and eventually incorporates into a
two-dimensional island. Consequently, the island gling bonds.

2. The conversion of the remaining adsorbedcoverage of 0.22 ML in Fig. 10a reflects the total
coverage of phosphine, even though the two- PH3 into PH2 is a fairly gradual process, again

due to the lack of free surface sites. This reac-dimensional islands actually consist not only of P
but also of Si. The photoemission measurement of tion completes at ~620 K.

3. When the PH2 radicals release hydrogen, phos-P coverages in Fig. 2c clearly supports this
assumption. phorus tends to form one-dimensional dimer
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