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The photoinduced reaction of digermane with the Si(111) surface using ultraviolet irradiation has been studied
using temperature-programmed desorption (TPD) and Auger electron spectroscopy (AES). Hydrogen and
germane desorption yields and relative Ge/Si AES signals are used to determine the reactivity of digermane.
UV irradiation during or after dosing of the Si crystal surface at low temperatures (e120 K) enhances the
reactivity of digermane compared to similar doses without UV irradiation. Adsorption and photoexcitation of
digermane at 110 K lead to significantly more reaction that at 120 K. We also find that UV irradiation after
dosing the Si(111) surface with digermane enhances the reactivity more than simultaneous UV irradiation at
110 K, but the opposite is true at 120 K. Evidence is also found for precursor-mediated adsorption, and this
is used to rationalize the dramatic changes with temperature. Photoexcitation of digermane at low temperatures
leads initially to deposition of a-Ge:H.

1. Introduction

As demands on electronic device performance continue to
grow, increased emphasis is placed on developing new and
improved processing methods and materials. In particular,
improving device performance by reducing device dimensions
requires greater control on the structure, composition, unifor-
mity, thickness, and physical properties of deposited thin films.
The need for abrupt interfaces, doping level variations, and
graded composition, for example, is placing even greater
restrictions on processing conditions, and on the thermal budget.
The search for new material compositions compatible with
silicon technology is another active area of study aimed at
improving device performance. Toward this end, an attractive
and promising area of research and development has been high-
speed electronic devices based upon silicon-germanium epi-
layers and heterostructures.1

Si1-xGex alloys grown on Si substrates by CVD and molecular
beam epitaxy (MBE) have been studied extensively using
numerous techniques.2-22 Some of the unique behavior observed
for Si/Ge heterostructures is attributed to the 4% lattice
mismatch between Si and Ge and the lower free energy of Ge
surfaces relative to Si surfaces. Si1-xGex alloys have also been
grown by photoassisted CVD (PCVD) using Ge2H6/Si2H6

precursor gases and 193 nm laser pulses directed parallel to the
surface at 548 K by Li et al.23 The rate of Si1-xGex growth was
accelerated compared to nonphotoassisted conditions. Meyerson
et al.24 were the first to show that Ge had a catalytic cooperative
effect on Si deposition. They found that the rates of both Ge
and Si deposition were enhanced by increasing the Ge2H6/Si2H6

gas source ratio at a constant Si2H6 pressure. Ning and
Crowell25,26 explored the influence of Ge on the desorption of
hydrogen from Si surfaces and the resulting enhancement in
Si1-xGex deposition and showed that the extent of the enhance-
ment was correlated to the Ge concentration and to the resulting
decrease in the H2 desorption temperature, the rate-limiting step

to Si deposition. In the photoassisted CVD study by Li et al.,23

an even greater enhancement in Ge deposition resulted from
photolytically activated Ge2H6 (which was believed to have an
absorption cross-section30 times greaterthan Si2H6 at 193 nm)
reacting more rapidly with the surface. Thus, increasing the
Ge2H6 pressure, while also making the alloy more Ge rich,
enhanced the growth rate of both Si and Ge.

Pure Ge layers have also been deposited onto Si substrates
using MBE or CVD methods and various aspects of the
deposition process or the resulting heterostructure have been
studied.27-41 The main CVD precursor gases studied have been
Ge2H6, GeH4, and GeCl4. For the gaseous hydride precursors,
CVD proceeds via (i) adsorption, (ii) decomposition, and (iii)
desorption of hydrogen to free dangling bond sites for further
deposition. GeCl4 source gas deposition is similar, but chloride
products are either thermally desorbed or etched away by
hydrogen to free surface sites for further Ge deposition.40,41Film
growth of Ge on Si is widely believed to proceed through the
Stranski-Krastanov (S-K) growth mode with 3D islanding
commencing after layer by layer growth of a few monolayers
of Ge.

The thermal decomposition of Ge2H6 on Si(100) has been
studied by TPD,42-44 ultraviolet photoelectron spectroscopy
(UPS),43 X-ray photoelectron spectroscopy (XPS),43 and multiple
internal reflection infrared spectroscopy (MIRIRS).45 The
decomposition pathway is believed to begin with adsorption of
a physisorbed molecular precursor followed by Ge-Ge bond
scission by the Si dangling bonds, creating adsorbed GeH3

species. The GeH3 species subsequently decompose, forming
GeHx (x ) 1-3) and SiH surface species. Decomposition of
adsorbed GeH3 can begin on Si at temperatures as low as 150
K. In comparison, the thermal interaction of disilane with the
Si(111), Si(100), and Ge(111) surfaces has been studied by a
variety of surface probes including MIRIRS,46-51 electron
energy loss spectroscopy (EELS),52,53 UPS,54,55 scanning tun-
neling microscopy (STM),56 and molecular beam scattering.57,58

Disilane follows a similar stepwise decomposition on these
surfaces as Ge2H6 does on the Si(100) surface, that is, molecular
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physisorption followed by Si-Si bond scission and formation
of SiH3(ads) followed by stepwise decomposition of SiH3(ads).
When a silicon surface is exposed to various Si and Ge hydride
gases, the surface will become passivated because the surface
dangling bonds will ultimately be fully consumed, provided the
substrate temperature is below that of hydrogen desorption. This
passivation has been seen from disilane uptake curves with Si-
(100),59,60 Si(111),61 and with Ge2H6 on Si(100),43 where the
uptake curves are characterized by a rise as a function of
exposure at small dosages but then level off as the dosage
increases. The use of GeH4 and Ge2H6 as precursor gases for
epitaxial CVD growth of Ge on Si require temperatures greater
than the hydrogen desorption temperature, since H2 desorption
is required to liberate the surface sites needed for further reaction
of the deposition precursors51 (at extremely high temperatures
adsorption is the rate-limiting step rather than H2 desorption).
Although it is well-known that Ge reduces the desorption
temperature of hydrogen from Si,25,26,50,62-65 high temperatures
are still required for efficient epitaxial growth. In the fabrication
of electronic devices, high temperatures can cause diffusion and
undesirable solid-state reactions to occur.In deVising ways to
precisely control epitaxial growth layer by layer while ensuring
abrupt interfaces, lower temperature processing methods need
to be found. Our photoinduced deposition studies focus on
exploring this issue at a fundamental leVel.

In this paper we examine the photoinduced reaction of
digermane with Si(111) at low temperatures. We compare the
deposition induced by UV excitation to that which occurs
thermally. We also compare the effect of temperature and UV
exposure conditions on the deposition efficiency. The relative
quantity of digermane reacting with a silicon surface can be
determined by hydrogen and germane TPD desorption yields
and by relative Ge/Si Auger electron spectroscopy (AES)
signals. We explore the reactivity of Ge2H6 on Si(111) with
UV irradiation directed perpendicular to the crystal face during
or after Ge2H6 dosing and give a plausible mechanistic explana-
tion for our observations. The purpose of this study is to explore
ways of depositing Ge/Si and Si1-xGex semiconductor films at
a reduced thermal budget.

2. Experimental Methods

Experiments were performed in an ultrahigh vacuum chamber
with a base pressure of approximately 2× 10-10 Torr. Details
of the chamber design have been described previously.66 The
Si(111) samples were cut from n-type Si(111) wafers, of 5-20
mΩ cm resistivity. The temperature was measured by a
chromel-alumel thermocouple that was attached to the back
of the crystal using a ceramic adhesive (Ultra-Temp 516,
Aremco Products, Inc.). The ceramic adhesive was cured at a
high temperature (ca. 1350 K) under an applied pressure
provided by tantalum tabs. The ceramic adhesive served to
electrically isolate the thermocouple from the crystal and to
presumably prevent the diffusion of Ni from the thermocouple
into the Si. Routine cleaning of the silicon sample before each
experiment was performed by Ar+ ion bombardment (1 keV,
2.5 µA) at 575 K followed by annealing at 1140 K for 3 min.
Surface cleanliness was checked by AES using a CMA, and
impurities (carbon and oxygen) after preparation were well
within the noise level of the spectrometer.

TPD studies were performed by resistively heating the Si
crystal at a rate of 3 K/s (using a Eurotherm temperature
controller with a high current/high voltage power supply) while
positioned within a few millimeters of the orifice of a shielded
quadrupole mass spectrometer (QMS). The temperature and the

mass/charge ratios were monitored during the desorption using
a computer interfaced to the QMS. Amu 2 was monitored for
the H2 desorption yields and amu 76 for the GeH4 desorption
yields. Amu 76 is the most abundant cracking fragment (GeH2

+)
of germane for the most abundant isotope (74Ge) of germanium.

A white-hot (1757 K) tungsten filament placed approximately
5 cm from the crystal surface was used to produce atomic
hydrogen during exposure of H2 (Liquid Air Corp., research
grade, 99.9999%). Commercial digermane (Voltaix, UHP grade
purity, 99.999% excluding a 0.5% concentration of GeH4 and
Ge3H8) was used as purchased without purification. All expo-
sures are given in langmuirs (1 langmuir) 10-6 Torr s) of the
molecular source gas, and are uncorrected for ion gauge
sensitivity. H2 desorption yields were normalized to that of a
complete H-monolayer (i.e.,ΘH) 1.0) prepared by exposing
the Si(111) surface to 300 langmuirs of H/H2 at 640 K: this
exposure procedure resulted in a saturatedâ1 (surface mono-
hydride) desorption state with noâ2 (dihydride) desorption. The
germanium concentration of the surface was measured by AES
using the Si LMM 92 eV transition and the Ge LMM 1147 eV
transition. Surface composition was determined by ratioing each
component’s Auger intensity to the sum of all elements’ Auger
intensities, using Auger sensitivity factors taken from a standard
source.67 Actual surface concentrations of Ge may be higher
than the reported values due to contributions from the bulk or
due to possible 3D growth of Ge.

A commercially available D2 lamp with a MgF2 window
(Hamamatsu Photonics, L879, 30 W, spectral range 115-300
nm, peak emission at 161 nm) was used as the UV light source.
The lamp was positioned inside the vacuum chamber fully
encased in a copper housing. To minimize outgassing due to
the temperature rise of the lamp during illumination, the Cu
housing was cooled by ice from the outside via a solid copper
feedthrough. During illumination, the Si crystal was placed
approximately 2 cm from the lamp’s MgF2 window, in a vertical
position. The digermane dosing pressure was 5× 10-8 Torr.

3. Results

In this study, we compare the thermal and photoinduced
reaction of digermane on Si(111) at 110 and 120 K. These
temperatures were chosen due to the relatively low desorption
temperature for molecular digermane and due to difficulties in
consistently maintaining temperatures<110 K. Although we
did not directly measure the digermane molecular desorption
temperature, we can make a good estimate of it. In our
laboratory we have observed that molecular Ge2H6 desorbs from
Si(100) at 145 K,44 and molecular Si2H6 desorbs from Si(100)
at 160 K59 and from Si(111) at 147 K.61 Hence, because disilane
desorbs 13 K lower from Si(111) than Si(100), we estimate that
Ge2H6 desorbs from Si(111) somewhat lower than from Si(100),
namely, between 130 and 145 K; this is consistent with the
pressure increase observed in the chamber upon initiating TPD
measurements for digermane-dosed Si(111) surfaces.

3.1. Thermal Reactivity of Ge2H6 on Si(111).The thermal
reaction of digermane on Si(111) was studied at 110 and 120
K. After adsorption, the surface was heated linearly at 3 K/s
and the hydrogen and germane desorption signals were recorded.
Only hydrogen was observed to desorb; no germane desorbed
from the Si(111) surface under thermal reaction conditions for
exposurese40 langmuirs. Representative hydrogen desorption
spectra following digermane adsorption at 110 K and subsequent
decomposition are given in Figure 1A. The H2 TPD spectra
display two prominent features, theâ1 andR desorption states.
Initially, at low digermane exposures, only theâ1 feature at
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∼780 K is observed, but at moderate exposures (5-10 lang-
muirs), an additional broad, weak feature begins to appear near
∼600 K; this is termed theR desorption state. Theâ1 state is
due to the decomposition of two silicon monohydride species
(SiH), producingâ1-H2 and two dangling bonds. TheR state is
due to desorption of hydrogen from Ge sites.25,26,44,63,64,68At
higher Ge2H6 exposures, theâ1 state nears saturation, and a small
yet distinctR state is evident, peaked at 580 K. Integration of
the TPD spectra provides a measure of the extent of reaction.
The amount of hydrogen that desorbs is then normalized with
respect to the saturation coverage of hydrogen present in a
monohydride monolayer (equivalent to the number of dangling
bonds present on Si(111)), to give the hydrogen coverage,ΘH,
in monolayers. The reaction probability can be estimated from
the normalized hydrogen desorption yield (ΘH), assuming that
the Si(111) surface density69 is 7.83 × 1014 atoms/cm2, and
correcting the digermane exposure using an ion gauge sensitivity
of digermane relative to nitrogen of 2.4.70 We find that less
than 20% of the physisorbed digermane at 110 K dissociates
upon heating.

In Figure 2 we compare the hydrogen desorption yield and
the percent of surface germanium, as measured by AES, for
digermane adsorption at 110 vs 120 K. Upon adsorption at 120
K, we observe that the hydrogen desorption yield and the %
Ge AES curve rise more slowly and level off at a lower

hydrogen yield and less deposited Ge, respectively, than at 110
K. This indicates that thethermal reactiVity of digermane is
greateron Si(111) at a substrate temperature of 110 K than at
120 K. We find that at 120 K, about 15% of the physisorbed
digermane leads to hydrogen production. The reaction prob-
ability differences at 110 vs 120 K are also reflected in the
amount of germanium that gets deposited, as shown in the AES
data of Figure 2B.

3.2. Photoreaction of Ge2H6 on Si(111).The photoinduced
reaction of digermane on Si(111) was studied at 110 and 120
K. For both temperatures, three series of experiments were
performed: (i) the crystal face was irradiated while dosing with
digermane at 5× 10-8 Torr (termed “simultaneous UV
exposure”), (ii) the crystal face was irradiated after digermane
exposure (termed “post-UV exposure”, with the duration of the
irradiation being the same as that for the comparable simulta-
neous UV exposure for a given digermane dose), and (iii) the
crystal surface was not irradiated either during or after diger-
mane exposure (termed “no UV” exposure). Hydrogen and
germane TPD yields and the percent of surface Ge, determined
by AES, were plotted as a function of digermane dosage. The
desorption yields of hydrogen and germane, along with the
percent of surface Ge, correlate with the amount of Ge2H6 that
reacts with the Si surface. Furthermore, the change in relative
germanium hydride (R) and silicon hydride (â1 and â2)
desorption yields as a function of the total hydrogen yield also
gives a good indication of the extent of germanium deposition.

The TPD spectra shown in Figure 1A depicting digermane
thermal decomposition following adsorption at 110 K illustrate
that H2 desorption occurs primarily from the silicon hydrides.
This is sharply contrasted by what occurs upon photoexcitation
following similar digermane exposures. Figure 1B shows
representative TPD spectra under high reactivity conditions,
namely TPD spectra upon exposing Si(111) to digermane at
110 K and then subsequently exposing the surface to UV
irradiation. Two TPD features are again observed: theâ1 and
R desorption states. However, in this case, photoexcitation leads
to significantly more hydrogen desorption in general, and in
particular, a substantial increase in the relativeR-H2 desorption
from Ge atoms with increasing exposure compared toâ1-H2

desorption from Si sites. In addition, theâ1 andR TPD features
both shift to lower temperatures with increasing exposure; this
behavior is typical of hydrogen desorption from Ge/Si sur-
faces.25,26 The width of theR-H2 desorption state also narrows
considerably with increasing UV and digermane exposure (fwhm
) 15 K for the 25 langmuir exposure). This behavior is distinct
from that occurring forR-H2 desorption from Ge/Si(100)25,26

or Ge/Si(111)60 surfaces, where theR-H2 state is much broader.
However, in this case (Figure 1B), a much greater amount of
hydrogen is desorbing from the surface. Similarly shaped TPD
spectra were seen for the photoreaction of digermane on the
Si(100)-2×1:D surface.44 Under photoreaction conditions, hy-
drogen desorption (Figure 1B) from Si(111) is preceded by a
symmetric and intense GeH4 desorption state peaked at 550 K,
similar to that observed on Si(100).44

3.3. Adsorption of Ge2H6 at 110 K. UltraViolet irradiation
greatly enhances the reactivity of digermane with Si(111) at
110 K compared to thethermal reactionof digermane with Si-
(111) at this temperature. The H2 and GeH4 desorption yields
are plotted as a function of digermane exposure in Figure 3A,B,
respectively, for the three dosing conditions described above.
The corresponding AES data are plotted in Figure 3C. Examina-
tion of the uptake curves in Figure 3 shows a strong UV
photoreaction enhancement throughout the range of dosages

Figure 1. H2 TPD spectra from digermane adsorption on Si(111) at
110 K: (a)-(d) digermane dosages of 2, 5, 10, and 25 langmuirs,
respectively. The thermal reaction of digermane (A) is compared with
the photoreaction (i.e., adsorption and post-UV exposure) of digermane
(B) at 110 K. The surface coverage (ΘH) is determined by integrating
the desorption area and comparing it to a saturated monohydride
monolayer.

Figure 2. H2 TPD desorption yield (A) and % Ge AES signal (B) as
a function of digermane exposure of Si(111) under thermal reaction
conditions at 110 K (9) vs 120 K (O). The hydrogen desorption area
in (A) is normalized to the area of an H-monohydride monolayer on
Si(111).
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examined. Post UV irradiation enhances the reactivity of diger-
mane more than simultaneous UV irradiation, and both are
substantially greater than reaction without UV irradiation. The
H2 desorption yields (Figure 3A) are about one monolayer for
the thermal (non-UV assisted) reaction of digermane with Si-
(111), while for simultaneous UV exposure, the H2 desorption
yield reaches more than 3 times that for a 40 langmuir digermane
exposure. For post-UV exposure at 110 K, the desorption yield
reaches over seven monolayers of desorbed hydrogen and does
not level off for the range of dosages presented (Figure 3A).
Germane desorption (Figure 3B) shows a trend similar to that
observed for H2 desorption: post-UV excitation results in
substantial GeH4 production, whereas simultaneous UV expo-
sure at 110 K results in significant but less GeH4 production.
No germane desorption occurs for the thermal reaction of
digermane with Si(111) at the digermane exposures utilized here
(e40 langmuirs). The observation of substantial GeH4 desorp-
tion, along with the desorption of more that 7 monolayers of
H2 following photoexcitation of a moderate Ge2H6 dose (∼10
langmuirs, correcting for ion gauge sensitivity) at 110 K,
suggests growth of an a-Ge:H overlayer at these temperatures,
as discussed below (section 4.4).

The curves shown in Figure 3C, illustrating the % Ge
deposited as measured by AES, also indicate the large enhance-
ment UV irradiation has on the reaction of digermane with Si-
(111) and display a trend similar to that seen in Figure 3A,B.
However, at high Ge coverages, both simultaneous UV and post-
UV assisted growth display similar Ge deposition yields. This
result is distinct from that observed by TPD (cf. Figure 3C vs
Figure 3A). This is probably due to 3D islanding of Ge on the

Si surface or due to Ge-Si intermixing,65 both of which affect
(lower) the Ge AES detection sensitivity, but not due to
evaporation of Ge, since desorption of germanium from Si does
not commence until about 1100 K.71 The AES-derived Ge
coverages plotted in Figure 3C were obtained after the diger-
mane-exposed Si(111) surface was heated to 938 K to perform
the TPD analysis.

3.4. Adsorption of Ge2H6 at 120 K. For digermane and UV
exposuresat 120 K,we also find that UV irradiation during or
after Ge2H6 exposure increases the reactivity of digermane with
Si(111) compared to similar digermane dosages without UV
irradiation (Figure 4). However, in comparison to exposure at
110 K (Figure 3), the magnitude of the photoenhancement is
significantly reduced. In particular, note that the H2 and GeH4

desorption yields are reduced by factors of ca. 4 and 2,
respectively, upon increasing the adsorption temperature from
110 to 120 K, while the % Ge decreases by a factor of 5.
Furthermore, we find that at 120 K, simultaneous UV irradiation
enhances the reactivity of Ge2H6 with Si(111) more than post-
UV irradiation, opposite to that found at 110 K. From the
hydrogen desorption yields (Figure 4A) and the Ge surface
coverage determinations (Figure 4C), we see in comparing the
simultaneous UV and no UV irradiation curves that there is a
small but noticeable UV effect at low digermane dosages, while
at higher dosages the H2 yield and Ge surface coverage for the
simultaneous UV reaction are approximately double those of
the thermal reaction. For post-UV exposure, the H2 desorption
yield (Figure 4A) is about halfway between that of simultaneous
UV exposure and no UV exposure. However, the increase in
% Ge deposited, as measured by AES, is only modestly greater

Figure 3. H2 (A) and GeH4 (B) TPD desorption yields and % Ge AES signal (C) as a function of digermane dose of Si(111) at 110 K under
various UV-excitation conditions: simultaneous UV (O), post-UV (9), and no UV (2) exposure. The H2 TPD area in (A) is normalized to the area
of an H-monohydride monolayer on Si(111).

Figure 4. H2 (A) and GeH4 (B) TPD desorption yields and % Ge AES signal (C) as a function of digermane dose of Si(111) at 120 K under
various UV-excitation conditions: simultaneous UV (O), post-UV (9), and no UV (2) exposure. The H2 TPD area in (A) is normalized to the area
of an H-monohydride monolayer on Si(111).
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for post-UV exposure than that for the non-UV assisted reaction
(Figure 4C). The germane desorption yields are plotted in Figure
4B; note that no germane desorption was observed at these rather
low digermane exposures without the addition of UV irradiation.
The post-UV and simultaneous UV assisted reactions show
desorption of germane at moderate digermane dosages (>25
langmuirs), indicating that UV irradiation increases the reactivity
of digermane with Si(111), but little can be inferred from this
plot about the relative enhancement of reactivity by post-UV
irradiation versus simultaneous UV irradiation.

4. Discussion

4.1. Comparison with Previous Studies.In previous studies
by our group and others involving disilane adsorption on Si-
(100)59 and Si(111)46,53,61and involving digermane adsorption
on Si(100)-2×1:D,44 the following three conclusions were made.
(1) Adsorption occurs via a physisorbed precursor state.46,53 In
these thermal studies at low temperatures it was found that
disilane molecularly adsorbs on the Si(111) surface at low
temperatures and then dissociatively chemisorbs upon heating,
with a small and negative apparent activation energy. Because
of this molecular precursor state, one sees more disilane
chemisorption when disilane is initially adsorbed at lower
temperatures than at higher temperatures. (2) The photoinduced
deposition reaction is mainly driven by SiH2

59,61 and GeH2
44

diradicals; these species are capable of inserting into existing
Si-H and Ge-H surface bonds. In contrast, the thermal
reactions of disilane and digermane are limited on silicon
surfaces by the availability of surface dangling bonds. Once
these gases chemisorb and consume all the surface dangling
bonds, further (thermal) reaction is not possible unless hydrogen
is desorbed and dangling bond sites are liberated; this is not
possible at the low adsorption temperatures utilized here. Thus,
deposition chemistry driven by photogenerated diradicals can
increase digermane and disilane reactivity well beyond the
thermal limit at low temperatures. (3) Under photoassisted
conditions, condensed phase photolysis is occurring rather than
gas-phase photolysis. In studies of the photoinduced reaction
of disilane on Si(100)59 and Si(111)61 and of digermane on Si-
(100)-2×1:D,44 it was found that physical adsorption of the
molecular precursor was necessary for photochemical enhance-
ment to occur. Evidence for condensed phase photolysis
included (i) lack of photoenhancement if the substrate temper-
ature exceeded the molecular desorption temperature, (ii) lack
of photoenhancement if only the gas phase (and not the
condensed phase) was irradiated, and (iii) similar photoenhance-
ment upon adsorption and irradiation of either Si(100) or Si-
(100)-2×1:D.

We now show that the behavior described above is also
consistent with our observations for the thermal and the
photoinduced reaction of digermane with the Si(111) surface.
The primary observations for this adsorption system can be
summarized as follows:

(i) The thermal reaction of digermane on Si(111), induced
upon heating the surface following exposure to digermane at
temperatures at or above 110 K, results in H2 desorption and
Ge deposition. The hydrogen desorbs in two states (â1 andR).
The relative quantity of each of these desorption states is
dependent on the initial digermane exposure. These states shift
to lower desorption temperature with increasing Ge coverage,
similar to that observed for H2 desorption from Ge/Si(100)
surfaces.25,26,50,62-65

(ii) Germane desorption is not observed for low digermane
exposure under thermal conditions and is only observed under

UV-assisted conditions. It is expected that germane desorption
requires germyl (GeH3) species to be present on the surface
just prior to germane desorption, analogous to silane desorp-
tion.44 Hence, we conclude that the lack of germane desorption
indicates that germyl species are not present on Si(111) upon
digermane exposure (ate40 langmuirs) at low temperature and
upon heating to ca. 500 K. The fact that the H2 yield saturates
at 1 monolayer for digermane adsorption at 110 K illustrates
that only enough digermane reacts thermally to generate a H/Si
ratio of 1:1. Consequently, much of the digermane adsorbed at
110 K must desorb molecularly rather than dissociatively
chemisorb. However, the data show that under UV-assisted
conditions, much greater reaction occurs, resulting in all
dangling bonds being saturated with H, GeHx, or GexHy species
and resulting in a-Ge:H deposition with increasing exposure.

(iii) The extent of thermal reaction of digermane, as measured
by TPD, decreases as the temperature is raised from 110 to 120
K. The temperature-dependent uptake curves (Figure 2A)
resemble those observed by Imbihl et al.53 for disilane adsorption
on Si(111) and suggests a negative apparent activation energy
for the Ge2H6/Si(111) system as well. This, in turn, provides
evidence of the presence of a physisorbed precursor state.

(iv) Photoinduced reaction of digermane, using either simul-
taneous UV irradiation during digermane exposure or UV
exposure following digermane adsorption, results in a greater
extent of reaction than that which occurs thermally. Furthermore,
the extent of digermane photoreaction on Si(111) is significantly
greater at 110 K than at 120 K. In addition, the timing of the
UV irradiation relative to dosing affects the enhancement. In
particular, post-UV irradiation of digermane adsorbed on Si-
(111) is more effective at inducing reaction and Ge deposition
at 110 K than is simultaneous UV excitation, whereas the
opposite is true at 120 K.

4.2. Thermal Reaction of Digermane on Si(111): Evidence
for a Molecular Precursor State. Adsorption of digermane
onto Si(111) at temperatures below the molecular digermane
desorption temperature results ine1 monolayer of adsorbed
hydrogen upon heating and thermal decomposition. We estimate
that, at 110 K, less than 20% of the adsorbed digermane leads
to decomposition; this value falls to 15% upon adsorption at
120 K. The uptake curves in Figure 2A resemble those observed
previously for disilane adsorption on Si(111).46,53,72These results
are pertinent, since the surface chemistry of disilane and
digermane upon adsorption and reaction with the (111) faces
of Si and Ge are quite similar.46,48,73 In all of these studies,
including the work presented here, the sticking coefficient
decreases with increasing temperature, suggesting an adsorption
process with a negative activation energy. Estimates of this
negative apparent activation energy using either TPD or MIRIRS
have been made: for disilane on Si(111), values of-1.7,53

-1.9,46 and -2.672 kcal/mol have been reported; for disilane
adsorption on Ge(111), we estimate a value of-2.0 kcal/mol
from MIRIRS studies.74 An Arrhenius analysis of the uptake
measurements derived from the TPD data given in Figure 2A
gives an estimate of-0.8 kcal/mol for digermane adsorption
on Si(111); this value is of similar magnitude to that observed
for disilane on this surface.

4.3. Role of the Physisorbed Molecular Precursor State.
The measurement of a negative apparent activation energy
suggests that a weakly bound (physisorbed) molecular precursor
state exists. The digermane molecules can dissociate from this
physisorbed precursor state upon finding the correct binding
site. The lower the temperature, the greater the residence time
of the molecule in the physisorbed state, and the more likely it
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is that the molecule can diffuse to find an appropriate bonding
configuration that will lead to dissociation. This is reflected in
the increased thermal reactivity seen at 110 vs 120 K. With
UV excitation, there is also a tremendous increase in digermane
reactivity at 110 K relative to 120 K, obtaining up to seven
monolayers of surface hydrogen upon reaction at 110 K versus
less than two monolayers upon reaction at 120 K. Similar
differences are also seen at 110 vs 120 K in the amount of Ge
deposited on the surface. The increased residence time of
digermane at 110 K results in a higher steady-state coverage of
physisorbed digermane; this in turn permits more radicals
(GeH3,GeH2, H, as well as Ge2H5 and Ge2H4) to be produced
upon UV excitation, enabling greater reaction with the dangling
bonds present on Si(111). At higher Ge2H6 and UV exposures,
formation of an amorphous-Ge:H network can result. For the
post-UV excitation measurements shown in Figure 1B, we
estimate that initially (i.e., low exposures), nearly 100% of the
physisorbed digermane reacts upon ultraviolet irradiation. This
suggests that competing processes such as photodesorption are
not occurring.

It is interesting to speculate as to why post-UV irradiation
gave the larger photoenhancement at 110 K while simultaneous
UV irradiation gave the larger photoenhancement at 120 K. It
is plausible that simultaneous UV exposure should enhance the
reactivity of digermane more than post-UV exposure at 120 K,
since this temperature is near that of the molecular desorption
state (estimated to be between 130 and 145 K). Under post-UV
excitation, the coverage of physisorbed digermane begins to
decrease at 120 K immediately after the digermane dose has
stopped, leaving less digermane to photoreact. The 120 K
behavior seen here is similar in nature but lower in extent of
reaction than that observed for disilane on Si(100)59 and Si-
(111).61 The lower reactivity is likely related to the lower
molecular desorption temperature (and hence shorter residence
time) for digermane versus disilane.

The growth enhancement at 110 K upon photoexcitation of
digermane is about 2-fold greater than that observed for disilane
on Si(100)59 and Si(111),61 suggesting that the photoreactivity
of digermane is greater than that of disilane. A strong photo-
reactivity for post-UV irradiation was also seen for digermane
on Si(100)-2×1:D surfaces,44 compared to that for disilane on
the same surface.59 In the disilane systems, the weak post-UV
effect was mainly attributed to the photodesorption of disilane
condensed on the surface. Collectively, these observations
indicate that the photodesorption channel is probably not as
active for digermane as it is for disilane, and/or the photode-
composition channel for digermane is enhanced relative to that
for disilane. Li et al.23 similarly observed an enhanced UV
absorption cross-section for digermane relative to disilane.
Wright and Hasselbrink75 have also recently observed dramatic
changes upon small temperature variations in the adsorption
behavior of disilane adsorbed on D/Si(100) at 99 K versus 108
K. Although the temperature variation in both their study75 and
our study are relatively small, we believe that the data are
reflecting changes in molecular reactivity.

At 110 K the percent Ge surface coverages as determined by
AES (Figure 3C) for post-UV and simultaneous UV exposure
conditions look similar, with both measurements appearing
nearly identical at high Ge2H6 exposures. In addition, the AES
curves level off while the hydrogen desorption yield for the
post-UV measurement is increasing (cf. Figure 3A,C) at high
Ge2H6 exposures. In a related study65 of the growth behavior
of Ge on Si(111), it is suggested that the growth mode of Ge
photochemically deposited on Si(111) is best described as

Stranski-Krastanov (S-K) growth with Si-Ge intermixing or
Volmer-Weber (V-W) growth. Such growth processes would
explain why the Ge is not being fully detected by the AES
measurements shown in Figure 3C.

4.4. Nature of the Photoassisted Deposition Layer.Two
characteristics of the layer deposited using photoexcitation are
(i) the production of germane upon heating, and (ii) an
enhancement in the hydrogen content of the surface. At the
exposure conditions used, germane is not produced without
photoexcitation, yet the extent of germane production following
UV-assisted growth at 110 K is extensive. We have previously
shown that photoexcitation of digermane leads to production
of the diradical germylene, GeH2, which readily inserts into
Si-H or Ge-H bonds.44 The diradical can also insert into Si-
Si or Ge-Ge bonds at the surface or in the growing overlayer.
It is also well established that silane or germane production upon
heating Si or Ge surfaces is due to the presence of silyl (SiH3)
or germyl (GeH3) species on the surface.44,53,59,76

The evolution of extensive GeH4 and up to 7.3 monolayers
of H2 following a (corrected) dose of 10 langmuirs of digermane
suggests that photoexcitation leads to a-Ge:H production. In
related systems in which low-temperature, filament-assisted
growth was studied, it was found that a-Si:H77,78 or a-SiC:H79

could be grown from disilane or methylsilane, respectively.
These layers contained a polysilane (Si-Si)n backbone and
contained a mixture of SiH, SiH2, and SiH3 within the
amorphous network. Similarly, these layers evolved hydrogen
and silane when heated, forming aµ-c Si or SiC overlayer.
Analogously, we expect that, at the low-temperature photore-
action conditions utilized here, we deposit an a-Ge:H overlayer
consisting of a polygermane (Ge-Ge)n backbone containing
GeH, GeH2, and GeH3 groups. This overlayer decomposes upon
heating to evolve germane and hydrogen, to form Ge-Ge and
Si-Ge bonds and, depending upon annealing temperature, to
generate a crystalline overlayer.

5. Conclusions

The photoinduced reaction of digermane with Si(111) has
been studied at 110 and 120 K. Ultraviolet irradiation during
or after digermane exposure enhances the reactivity of diger-
mane on Si(111) compared to similar exposures without UV
irradiation. There was greater reactivity of digermane at 110 K
than at 120 K for any of the three exposure schemes investigated
(simultaneous UV exposure, post-UV exposure, and no-UV
exposure). At 110 K, post-UV irradiation enhanced the deposi-
tion of germanium more than simultaneous UV irradiation, while
the opposite was true at 120 K. Thermally, the reactivity is
controlled by the surface dangling bonds; whereas the photo-
induced deposition chemistry involves reaction of photogener-
ated radicals produced in the physisorbed (multi)layer. The low-
temperature photodeposition leads to production of an a-Ge:H
overlayer that evolves hydrogen and germane upon heating.
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