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Hydrogen migration in doped and undoped polycrystalline and microcrystalline silicon

N. H. Nickel and I. E. Beckers
Hahn-Meitner-Institut Berlin, Kekule´str. 5, 12489 Berlin, Germany

~Received 29 March 2002; published 26 August 2002!

Hydrogen diffusion in phosphorous and boron doped polycrystalline and microcrystalline silicon was inves-
tigated by deuterium diffusion experiments. Deuterium concentration profiles were measured as a function of
temperature, deuterium, and dopant concentrations. The effective diffusion coefficient is thermally activated
and varies from 0.01 to 1.69 eV in response to changes in the deuterium and dopant concentrations. This
variation is accompanied by a change of the diffusion prefactor by more than 15 orders of magnitude and is
even consistent with results reported on H diffusion in hydrogenated amorphous silicon. Using the theoretical

diffusion prefactor the energyĒA required to yield the diffusion coefficient was calculated.ĒA reveals a Fermi
energy dependence similar to that of the formation energy of H1 and H2 in c-Si. Based upon the experimental
data a unified microscopic model for H diffusion is proposed.

DOI: 10.1103/PhysRevB.66.075211 PACS number~s!: 61.43.2j, 66.30.2h
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I. INTRODUCTION

Although polycrystalline silicon~poly-Si! is used in a
wide range of applications ranging from thin-film transisto
to solar cells one of its major drawbacks is a high def
concentration after growth1 that makes it unsuitable for elec
tronic devices. These defects, predominantly located
grain-boundaries, govern the electrical properties of poly
Grain-boundary defects were detected by electron spin r
nance and identified as silicon dangling bonds.2 To obtain
technologically useful material these defects must be pa
vated. Commonly, this is accomplished by exposing poly
to a hydrogen plasma at temperatures below 500 °C.
incorporation of hydrogen improves the electrical propert
of poly-Si films and devices, for example, by increasing
carrier mobilities and reducing leakage currents.3,4

Most of the previous research devoted to hydrogen
poly-Si was focused on the optimization of the H passivat
conditions. A variety of hydrogenation sources and te
niques such as electron-cyclotron resonance~ECR! plasma,
proton implantation, and electrochemical techniques w
examined.5 An enhancement of the hydrogenation efficien
was reported after postultrasound treatments6 and post-
vacuum anneals.1 Both treatments release H that is not bou
to pre-existing Si dangling-bonds.7 Subsequently, these H a
oms can be captured by deep H trapping sites at gr
boundaries lowering the grain-boundary defect concen
tion.

Hydrogen passivation of poly-Si is governed by the d
fusion properties of H atoms.7 Previous investigations on H
diffusion in undoped poly-Si revealed that the diffusion pr
cess can be explained in terms of a two-level model8 that
originally was developed to describe diffusion in hydrog
nated amorphous silicon.9,10 Applying the two-level model,
information on the H density-of-states was obtained. A d
tribution of shallow and deep traps was found at 0.5 a
1.5–1.7 eV below the transport level, respectively.8

In this paper, the influence of dopants and thus the Fe
energy on hydrogen transport properties in poly-Si and
crocrystalline silicon is investigated. Hydrogen diffusion w
studied as a function of the phosphorous and boron con
0163-1829/2002/66~7!/075211~13!/$20.00 66 0752
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trations, the substrate temperature, and the H concentra
We find that the diffusion activation energy,EA , depends
significantly on the Fermi energy and the H concentrati
EA varies between 0.01 and 1.69 eV, which is accompan
by a change of the diffusion prefactor by more than 15 ord
of magnitude.

The paper is organized as follows: Sec. II briefly d
scribes the sample preparation and the hydrogen passiv
procedure. Deuterium concentration depth profiles measu
by secondary-ion-mass spectrometry~SIMS! are presented in
Sec. III. The implications of the data for H diffusion in dis
ordered silicon are discussed in Sec. IV. Finally, Sec. V su
marizes the main conclusions of this article.

II. EXPERIMENT

A. Samples

1. Polycrystalline silicon

The experiments described in this paper were perform
on phosphorous and boron doped poly-Si films. The sam
were prepared by the following procedure. Undoped am
phous silicon was deposited on quartz and on single-cry
silicon wafers covered with a thin thermal oxide by low
pressure chemical vapor deposition~LPCVD! to a thickness
of 0.3 mm. Subsequently the samples were crystallized b
furnace anneal in nitrogen atmosphere at 600 °C. Doping
achieved by multiple phosphorous or boron implantatio
The dopants were activated in a 30 min furnace annea
900 °C. Secondary-ion-mass spectrometry~SIMS! measure-
ments showed that the dopant concentrations are con
with sample thickness. According to transmission elect
microscopy~TEM! the resulting poly-Si films are compose
of randomly oriented grains with an average grain size
120 nm.

2. Microcrystalline silicon

Electron-cyclotron resonance chemical vapor deposit
~ECRCVD! was used to prepare microcrystalline silico
Nominally undopedmc-Si and P and B doped specimen
were deposited at a substrate temperature of 325 °C usi
©2002 The American Physical Society11-1



b

te

le
n

om
m
a

s
re

id
xi
o-

dr

th
w
r
e
og
th

b
de

th
m

B

i

w
ut
in
e
de
op
n
er
t a
o
a
st
lts

Si,
com-

ge-
is

-
n-

s
the
ra-
e of
ssi-
-

al-
of
in
ast-

so-
on

The
of
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hydrogen dilution of silane of 98%. Doping was achieved
premixing silane with either B2H6 or PH3. SIMS measure-
ments showed a doping concentration of approxima
1020 cm23 for P and the B dopedmc-Si. According to Ra-
man measurements all samples used for this study revea
crystalline fraction of approximately 68%. High-resolutio
TEM micrographs showed that the specimens were c
posed of columns with a diameter of approximately 100 n
These columns are composed of single crystal grains with
average grain-size of'15 nm.

B. Hydrogen plasma exposures

Hydrogenation was performed by exposing the sample
monatomic hydrogen generated in an optically isolated
mote plasma. The samples were given a metal-ox
semiconductor grade detergent cleaning, and the native o
was removed with dilute HF to avoid a barrier to H incorp
ration. Then the samples were exposed to monatomic H
elevated temperatures. To obtain data at low and high hy
gen concentration diffusion the samples were exposed
monatomic H with and without a stainless steel mesh in
gas stream, respectively. For SIMS analysis deuterium
used as a readily identifiable isotope that duplicates hyd
gen chemistry. Since no significant difference in hydrog
and deuterium transport has been found, the terms hydr
nation and deuteration will be used interchangeably in
following discussion.

III. RESULTS

The results presented in this section were obtained
varying the following parameters: the degree of disor
~poly-Si ormc-Si!, the dopants~boron and phosphorous! and
their concentration, the deuterium concentration, and
substrate temperature. Results obtained on poly-Si and
crocrystalline silicon are presented in Secs. III A and III
respectively. Within each of these sections, the influence
the deuterium and doping concentrations on H diffusion
presented.

A. Polycrystalline silicon

1. High deuterium concentration diffusion
a. Phosphorous doped poly-Si:Typical deuterium con-

centration profiles in phosphorous doped poly-Si are sho
in Fig. 1. The samples were exposed to monatomic de
rium for 5 min at the indicated temperatures. With increas
substrate temperature,TH , deuterium diffuses deeper into th
bulk. At low temperatures the deuterium concentration
creases exponentially with depth with a characteristic sl
of x0'24 nm. At TH>206 °C the deuterium concentratio
decreases according to a complementary error function,
Within the first 50 nm the deuterium depth profiles exhibi
surface peak indicated by the dotted curve in Fig. 1. In ph
phorous doped poly-Si the D accumulation in the ne
surface region is attributed to the presence of deuterium
bilized platelets.11,12 The increasing temperature also resu
in an increase of the D surface concentration,C0 . This is in
07521
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contrast to previous diffusion studies on undoped poly-
where an increase of the passivation temperature was ac
panied by a decrease ofC0 .8 However, this is not related to
the presence of dopants but to the difference in the hydro
nation time. In Fig. 2 the deuterium surface concentration
plotted as a function of the deuteration time,t. With increas-
ing deuteration timeC0 increases until the H chemical po
tential in the plasma equilibrates with the H chemical pote
tial in the poly-Si film. At a temperature of 200 °C thi
occurs after an exposure for 900 s. At lower temperatures
time to reach the equilibrium increases since the equilib
tion process is governed by diffusion. Hence, a decreas
C0 with increasing temperature is expected for longer pa
vation times (t.2000 s) similar to that observed for D dif
fusion in undoped poly-Si.8

FIG. 1. Deuterium concentration depth profiles in polycryst
line silicon ~solid lines! doped with a phosphorous concentration
1016 cm23. The specimens were exposed to monatomic D for 5 m
at the indicated temperatures. The dashed lines depict a le
squares fit to the convolution of an erfc with the SIMS depth re
lution function~Ref. 9!. The dotted curve sketches the accumulati
of deuterium close to the sample surface.

FIG. 2. Deuterium surface concentration,C0 , as a function of
the deuteration time for the indicated substrate temperatures.
poly-Si films were doped with a phosphorous concentration
1016 cm23.
1-2
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The influence of the phosphorous concentration on th
concentration depth profiles is shown in Fig. 3. Simul
neously, the samples were exposed to monatomic D
350 °C for 5 min. The poly-Si film doped with a phosphoro
concentration of 1016 cm23 reveals the highest D concentr
tion at the poly-Si/substrate interface~arrow in Fig. 3!. With
increasing P concentration deuterium diffusion decreases
specimens doped with a P concentration of 1017 and
1018 cm23 reveal identical D depth profiles. A similar bu
more pronounced influence of the doping concentration
deuterium diffusion in single crystal silicon~c-Si! was re-
ported previously.13 As an explanation Herring an
Johnson13 suggested that as the doping concentration
creases, the surface concentration of the dominating d
sion species decreases since more and more hydrogen
acts with dopants and forms complexes.

The effective diffusion coefficient,Deff , and the deute-
rium surface concentration were obtained from least-squ
fits of the data to the convolution of a complementary er
function and the resolution function of the SIMS analysi9

In Fig. 4 the effective diffusion-coefficient is plotted as
function of the reciprocal temperature~open symbols!. Deff

shows an apparent activation energy varying betweenEA

50.26 and 0.35 eV. An increase of the phosphorous conc
tration from 1016 to 1018 cm23 does not result in a significan
change ofEA . Compared to deuterium diffusion in undope
poly-Si ~open diamonds!,8 the presence of phosphorous r
sults in a decrease ofEA by about 0.3 eV. Moreover, P dop
ing of poly-Si results in an enhancement ofDeff , e.g., in P
doped poly-Si the effective diffusion-coefficient exceedsDeff

of undoped material by approximately a factor of 25
250 °C.

b. Boron doped poly-Si:Deuterium concentration dept
profiles in boron doped poly-Si are shown in Fig. 5. T
specimens were deuterated at the indicated temperature

FIG. 3. Deuterium concentration depth profiles in poly-Si dop
with the indicated phosphorous concentrations. The specimens
exposed to monatomic D for 5 min at 350 °C. The dashed li
depict a least-squares fit to the convolution of an erfc with the SI
depth resolution function~Ref. 9!. The arrow indicates the interfac
between the poly-Si layer and the substrate.
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5 min. At low hydrogenation temperatures (T<206 °C) the
D depth profiles decay exponentially with depth with a ch
acteristic decay length of approximately 27 nm. At high
temperatures the depth profiles decay according to an e
This behavior is similar to D diffusion in phosphorous dop
poly-Si. However, deuterium diffusion in B doped poly-Si
enhanced compared to diffusion in P doped samples~com-
pare Figs. 1 and 5!. In Fig. 6 the temperature dependence
the D concentration depth profiles is shown for poly-Si film
doped with a boron concentration of 1018 cm23. The data
show that an increase in the boron concentration results i
enhancement of the deuterium diffusion. It is interesting

d
re
s
S

FIG. 4. Effective diffusion-coefficient,Deff , as a function of the
reciprocal temperature for high~open symbols! and low~solid sym-
bols! D concentration diffusion. The squares, circles, and triang
represent diffusion coefficients in phosphorous doped poly-Si w
P concentrations of 1016, 1017, and 1018 cm23, respectively. The
diamonds representDeff in undoped poly-Si from Ref. 8.

FIG. 5. Deuterium concentration depth profiles in boron dop
poly-Si ~solid lines!. The boron concentration amounts
1016 cm23. The specimens were exposed to monatomic D for 5 m
at the indicated temperatures. The dashed lines depict a le
squares fit to the convolution of an erfc with the SIMS depth re
lution function ~Ref. 9!. The dotted lines indicate the exponenti
decays with a characteristic length ofx0'27 nm.
1-3
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note that the specimen deuterated at 158 °C reveals a D ac-
cumulation in the near-surface region similar to that of ph
phorous doped specimens. In this case, however, the D
cumulation is not due to the presence of platelets si
platelets are only observed in undoped andn-type
material.11,12 In case of boron doped poly-Si the D accum
lation in the near-surface region could be due to the form
tion of other deuterium complexes such as interstitial m
lecular D2 or B–D.

The temperature dependence ofDeff for various boron
concentrations is shown by the open symbols in Fig. 7. T
apparent activation energy ofDeff decreases fromEA50.34
to 0.12 eV as the B concentration increases from 1016 to
1018 cm23. The decrease of the activation energy with
creasing doping concentration is more pronounced in bo
doped poly-Si than in phosphorous doped material. A
comparing the effective diffusion coefficients for P and
doped poly-Si reveals thatDeff in p-type samples exceed
Deff in n-type samples by about a factor of 3–6~open circles
and triangles in Figs. 4 and 7!. These results indicate that th
presence of either free electrons or holes plays an impor
role in the microscopic diffusion process of hydrogen.

2. Diffusion from an attenuated plasma

In the diffusion experiments discussed in the previo
section, a change in the deuterium concentration occu
always in conjunction with a change in the deuteration te
perature. In order to study the influence of the deuteri
concentration on the diffusion properties separately, the
surface concentration, and thus the D flux into the spe
mens, was attenuated by inserting a stainless steel mesh
the monatomic deuterium flux. In Fig. 8 the curves labe
‘‘attenuated’’ represent typical D concentration depth profi
in phosphorous doped poly-Si obtained after a 5 min expo-
sure to an attenuated deuterium plasma at 350 °C. The cu
labeled ‘‘normal’’ represent D depth profiles in P-doped a
undoped samples without attenuating the deuterium flux.
tenuation of the D flux results in a decrease of the D surf

FIG. 6. Deuterium concentration depth profiles in poly-Si dop
with a boron concentration of 1018 cm23. The samples were ex
posed to monatomic D for 5 min at the indicated temperatures
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concentration by about two orders of magnitude which
independent of the phosphorous concentration. Furtherm
the deuterium concentration profiles decay exponenti
with depth with a characteristic slope ofx0534 nm. The
decrease of the D concentration is accompanied by a
crease of the effective diffusion coefficient by a factor
5–7. Similar results were obtained at lower deuteration te
peratures. The temperature dependence ofDeff is shown by
the solid symbols in Fig. 4. The effective diffusion coef
cient is thermally activated with an activation energy ofEA
50.1– 0.14 eV. Compared with low D concentration diff
sion in undoped poly-Si~solid diamonds in Fig. 4! phosphor-
ous doping results in a decrease ofEA by approximately 1.6
eV.

d FIG. 7. Effective diffusion-coefficient,Deff , as a function of the
reciprocal temperature for high~open symbols! and low~solid sym-
bols! D concentration diffusion. The squares, circles, and triang
represent diffusion coefficients in boron doped poly-Si with B co
centrations of 1016, 1017, and 1018 cm23, respectively.

FIG. 8. Deuterium concentration depth profiles in undoped a
P doped poly-Si after a plasma exposure for 5 min at 350 °C.
curves labeled ‘‘normal’’ display the D concentration profile after
standard plasma exposure, and the profiles labeled ‘‘attenua
were obtained by attenuating the D flux into the specimens usin
stainless steel mesh.
1-4
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Identical low concentration diffusion experiments we
carried out in boron doped poly-Si samples. D depth profi
measured after an exposure to an attenuated D plasm
350 °C for 5 min, are plotted in Fig. 9. Similar to P dope
samples the D surface concentration decreases by abo
orders of magnitude. However, only for the lowest bor
concentration the depth profiles exhibit an exponential de
with x0'18 nm. With increasing B concentration the deu
rium concentration in the bulk of the specimens increa
and the depth profiles decay according to an erfc with de
This is accompanied by an increase ofDeff with increasing B
concentration. The concentration dependence ofDeff is less
pronounced in boron doped material than in phosphor
doped and undoped8 poly-Si. From the data presented abo
it can be concluded that the concentration dependence ofDeff
is important for understanding the microscopic processes
govern H diffusion in disordered silicon.

B. Microcrystalline silicon

1. High deuterium concentration diffusion
a. Undoped microcrystalline silicon:The influence of

the host material on hydrogen diffusion properties was inv
tigated by repeating the diffusion experiments in microcr
talline silicon (mc-Si). The main differences to poly-Si ar
the crystalline structure and an average hydrogen conten
6.5 at. % in the as-grown material.14

Deuterium concentration profiles measured in nomina
undopedmc-Si are plotted in Fig. 10. In contrast to D dep
profiles measured in poly-Si~see above! the data in Fig. 10
exhibit a kink at a depth of approximately 70 nm. A simil
behavior was reported for H diffusion in LPCVD-grow
poly-Si, previously.8 For D concentrations above 1019 cm23

the temperature dependence of D diffusion is infinitely sm
This is in contrast to the temperature dependence of

FIG. 9. Deuterium concentration depth profiles in boron dop
poly-Si after a plasma exposure for 5 min at 350 °C. The cu
labeled ‘‘normal’’ displays the D concentration profile after a sta
dard plasma exposure, and the profiles labeled ‘‘attenuated’’ w
obtained by attenuating the D flux into the specimens using a s
less steel mesh.
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D-concentration diffusion. The D concentration decays ex
nentially with depth and with increasing passivation te
perature the characteristic slopex0 increases from'25 to
'90 nm.

The accumulation of D in the near-surface region is sim
lar to that observed forn-type poly-Si~Fig. 1! suggesting the
presence of H stabilized platelets. This is consistent w
n-type conductivity and a Fermi energy in the upper half
the band gap typically observed in nominally undop
mc-Si. The fast diffusion component at low D concentr
tions most likely is due to the structural composition of t
samples. While grain boundaries act as efficient sinks fo
and diminish the diffusivity,8,15 microcrystalline silicon, and
LPCVD-grown poly-Si consist of columnar grains that act
diffusion pipes due to a lack of grain boundaries perpendi
lar to the columns.8

The temperature dependence of the effective diffusion
efficient is shown by the open triangles in Fig. 11. Hig
concentration H diffusion reveals an activated behavior w
EA'0.29 eV for nominally undopedmc-Si. Because the
samples shown-type conductivity, with a Fermi energy o
Ec2EF'0.3 eV, the activation energy has to be compa
with EA of P-doped poly-Si. In poly-Si~Fig. 4! EA decreases
from 0.35 to 0.26 eV with increasing P concentration. The
values are similar toEA for high H concentration diffusion in
nominally undoped microcrystalline silicon.

b. Phosphorous doped microcrystalline silicon:Deute-
rium concentration depth profiles in phosphorous dop
mc-Si are shown in Fig. 12. At low temperatures~<200 °C!
the depth profiles are independent of the passivation t
perature. At higher temperatures D diffuses somewhat de
into the sample. Compared with D diffusion in phosphoro
doped poly-Si, diffusion inmc-Si is strongly diminished~see
Figs. 1 and 3!. Moreover, for all passivation temperature
the concentration depth profiles in Fig. 12 decay expon
tially with depth with a characteristic slope ofx0'8 nm.
However, this low value ofx0 is determined by the SIMS

d
e
-
re
n-

FIG. 10. Deuterium concentration depth profiles in undop
mc-Si. The specimens were exposed to monatomic D for 4 min
the indicated temperatures.
1-5
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depth resolution.
Figure 13 shows the temperature dependence of the e

tive diffusion coefficient. The open triangles representDeff

for high D concentration diffusion. The activation energy
EA'0.01 eV obtained from a least squares fit of the d
indicates that H diffusion in highly phosphorous dop
mc-Si is independent of temperature up to 350 °C. This
dicates that all D atoms entering the specimens are trappe
the near-surface region forming complexes most likely w
phosphorous atoms.13 Since the P concentration inmc-Si
exceeds the P concentration in poly-Si by 2 orders of m
nitude it is conceivable that H diffusion in poly-Si dope
with the same P concentration would show a similar te
perature dependence ofDeff .

c. Boron doped microcrystalline silicon:Deuterium con-
centration profiles measured in boron doped microcrystal
silicon are shown in Fig. 14. For all passivation temperatu
a D accumulation in the near-surface region (de

FIG. 11. Temperature dependence ofDeff in nominally undoped
mc-Si for high ~open symbols! and low~solid symbols! D concen-
tration diffusion.

FIG. 12. D concentration depth profiles in P dopedmc-Si. The
samples were deuterated for 4 min at the indicated temperatur
07521
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<0.1mm) is observed. As in poly-Si, the D accumulation
not related to the presence of platelets, but most likely, th
accumulation is due to the formation of D complexes such
interstitial H2 or BH. Compared with undoped and phospho
ous dopedmc-Si, diffusion in boron doped samples is e
hanced. At temperatures above 200 °C and a D concentration
of approximately 231018 cm23 the deuterium profiles ex
hibit a kink and deviate from the erfc fits. The D concentr
tion decays exponentially with a characteristic slope
'73–90 nm.

In Fig. 15 the open triangles representDeff for high D
concentration diffusion. The small activation energy ofEA

'0.07 eV indicates that H diffusion in highly boron dope
mc-Si is independent of temperature in the accessible t
perature range.

.

FIG. 13. Effective diffusion-coefficient,Deff , as a function of
the reciprocal temperature for high~open triangles! and low ~solid
triangles! D concentration diffusion. The samples were doped w
a phosphorous concentration of 1020 cm23.

FIG. 14. Deuterium concentration depth profiles in boron dop
mc-Si. The dashed lines depict a least-squares fit to an erfc and
thick solid lines indicate an exponential decay of the D concen
tion. The specimens were exposed to monatomic D for 4 min at
indicated temperatures.
1-6
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2. Diffusion from an attenuated plasma

In this subsection we present data obtained from low
concentration diffusion experiments in doped and undo
microcrystalline silicon. Undoped, P-, and B-dopedmc-Si
samples were exposed to an attenuated D plasma, sim
neously. The temperature dependence of the D depth d
bution in undopedmc-Si is shown in Fig. 16. Compare
with data from a normal plasma exposure~Fig. 10! the deu-
terium surface concentration decreased by almost 2 orde
magnitude. In addition, plasma attenuation prevents the
cumulation of large amounts of D in the subsurface reg
(depth,0.1mm). The D concentration decreases expon
tially with depth andx0 increases with increasing temper
ture. However, the values ofx0 are somewhat smaller com
pared with those obtained from normal plasma expos
~Fig. 10!.

The temperature dependence ofDeff is depicted by the
solid squares in Fig. 11. The data indicate activated beha
with EA'0.42 eV. This activation energy is larger thanEA
in n-type poly-Si~see Fig. 4!.

Low concentration deuterium depth profiles in phosph
ous dopedmc-Si are shown in Fig. 17. Again, plasma atten
ation resulted in a pronounced decrease of the D sur
concentration. For all temperatures the D concentration
creases exponentially with depth andx0'8 nm reflects the
SIMS depth resolution. The temperature dependence of
effective diffusion coefficient is depicted by the solid tr
angles in Fig. 13. In the experimentally accessible temp
ture rangeDeff is independent of temperature. The effecti
diffusion coefficients for high and low concentration diffu
sion are alike suggesting that the governing diffusion mec
nism is complex formation with dopants.13

Figure 18 shows D depth profiles in B dopedmc-Si after
an exposure to an attenuated D plasma for 4 min at the
dicated temperatures. As in the other specimens, plasm
tenuation resulted in a decrease of the D surface conce
tion. In addition, the near surface peak, observed for hig
concentration diffusion, disappeared. However, despite an

FIG. 15. Deff as a function of the reciprocal temperature for hi
~open triangles! and low~solid triangles! D concentration diffusion.
The samples were doped with a boron concentration of 1020 cm23.
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tenuated D plasma the depth distributions for low and high
concentration diffusion are comparable. This becomes a
evident when comparing the effective diffusion coefficien
The values ofDeff for high ~open symbols! and low ~solid
symbols! D concentration diffusion amount to approximate
10212 cm2/s independent of temperature~Fig. 15!.

Similar to H migration in poly-Si the results presented
this section demonstrate that H diffusion inmc-Si is very
sensitive to doping and thus, to the position of the Fer
energy. Diffusion in boron dopedmc-Si is enhanced com
pared with nominally undoped and phosphorous doped
terial. Moreover, in highly dopedmc-Si the effective diffu-
sion coefficient is independent of temperature for high a
low D concentration diffusion. Most likely this is due to a
enhanced H complex formation rate with phosphorous
boron.

FIG. 16. Deuterium concentration depth profiles in undop
mc-Si after a 4 min plasma exposure at the indicated substr
temperatures. The D plasma was attenuated using a stainless
mesh.

FIG. 17. Deuterium concentration depth profiles in phosphor
dopedmc-Si after a 4 min plasma exposure at the indicated su
strate temperatures. The D plasma was attenuated using a sta
steal mesh.
1-7
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IV. DISCUSSION

A. Temperature dependence of the diffusion coefficient

In the past, two significantly different models were pr
posed for hydrogen diffusion in amorphous and polycrys
line silicon. Theequilibrium modelassumes that hydroge
motion is a quasiequilibrium process where the hydrog
chemical potential defines the filling level of the H densi
of-states and determines the concentration of hydrogen
oms in the transport states. This model does not require
presence of deep hydrogen traps.16,17 On the other hand, the
trapping modelis based on the assumption that shallow a
deep hydrogen states are not in equilibrium. Hydrogen in
shallow or transport states is trapped and released as it
grates through the semiconductor. Hydrogen equilibra
within the shallow trap distribution during typical diffusion
experiment time scales. Separated in energy from these s
are deep hydrogen states. These traps capture and re
hydrogen on time scales long compared to the diffusion
periments. The hydrogen chemical potential separates
filled from the empty states.8–10 Model parameters such a
the energy of deep trapping sites with respect to the trans
states are estimated from the temperature dependence o
hydrogen diffusion. In analogy to charge transport it is
sumed that in a simple hydrogen density-of-states distr
tion the effective diffusion coefficient is given by

Deff5D0 expS 2
EA

kTD , ~1!

with a prefactorD0 , an activation energyEA , the tempera-
ture T, and the Boltzmann constantk. Previously, it was ar-
gued that this equation is valid even for broadened dens
of-states which exhibit peaks in the occupied densities
states centered at various band energies, and thereforEA
should correspond to the energies of shallow and deep t
ping levels.8,9 In this approach the key assumption is a pr

FIG. 18. Deuterium concentration depth profiles in boron dop
mc-Si after an exposure to an attenuated plasma for 4 min at
indicated temperatures. The dashed lines depict least-squares
the convolution of an erfc and the SIMS depth resolution. The th
solid lines indicate an exponential decay of the D concentration
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actorD0 that is independent of experimental parameters s
as hydrogen concentration, H density-of-states distribut
Fermi energy, and macroscopic structure~amorphous,
micro-, or polycrystalline!.

The prefactorD0 was estimated by extrapolating the tem
perature dependence ofDeff ~Figs. 4, 7, 11, 13, and 15! to
1/T50 K21. In Fig. 19, D0 is plotted as a function of the
activation energyEA . The circles and triangles depict da
from mc-Si and poly-Si, respectively. In addition,D0 andEA
data from hydrogen diffusion experiments performed
a-Si:H are included from Refs. 18 and 19. With increasi
activation energyD0 increases by more than 15 orders
magnitude. Moreover, it is striking that all data points lie
a straight line independent of the degree of disorder in
host material~a-Si:H, mc-Si, poly-Si!. This phenomenon is
well known as Meyer–Neldel behavior20 and has been ob
served for hydrogen diffusion ina-Si:H, previously.21 The
data plotted in Fig. 19 clearly show that the prefactorD0
depends on the experimental conditions. Hence, the ac
tion energies obtained from the temperature dependenc
Deff do not correspond to the energy of deep or shallow
trapping sites.

To elucidate the microscopic mechanism of hydrogen d
fusion, we propose the following analysis of the diffusio
data. Theoretically, the diffusion prefactor,D0 , should be
independent of H concentration, dopant concentration,
the degree of disorder of the host material. The microsco
diffusion prefactor is given byD0

t 51/6na2, wheren is the
attempt frequency anda is the mean free path. Reasonab
assumptions ofn'1012 Hz anda'0.3 nm lead to an esti-
mate of the theoretical diffusion prefactor ofD0

t

'1023 cm2/s. With this prefactor the diffusion activatio
energy can be calculated using the relation,

ĒA52kT lnS Deff

D0
t D . ~2!

In Fig. 20, ĒA at T5350 °C is plotted as a function of th
Fermi energy. The solid triangles represent poly-Si d

d
e

s to
k

FIG. 19. Diffusion prefactorD0 vs activation energyEA . The
triangles and circles represent poly-Si andmc-Si data from this
work. The diamonds and squares are obtained from diffusion da
amorphous silicon~Refs. 17, 18!.
1-8
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while the squares depict data from H diffusion in microcry
talline silicon. In addition, temperature dependent diffus
data on doped and undopeda-Si:H from Refs. 18~circles!
and 19~diamonds! were analyzed according to Eq.~2! and
included in the plot. The band offsets fora-Si:H, poly-Si, and
mc-Si were estimated using the following procedure. F
a-Si:H and poly-SiĒA increases as the Fermi energy mov
away from the band edges. The maximum ofĒA occurs at
EF2EV'0.98 and'0.58 eV ina-Si:H and poly-Si, respec
tively. In poly-Si this value coincides with the mean energ
Ẽ, for the electronic states of H1 and H2 complexes in
single crystal silicon.22 The band gaps ofa-Si:H and poly-Si
were adjusted atẼ. This leads to a reasonable conductio
band offset of approximately 0.4 eV for amorphous a
polycrystalline silicon. Arrows in Fig. 20 indicate the pos
tions of the conduction and valence bands of poly-Si.

Independent of the host materialĒA exhibits a significant
dependence on the Fermi energy.ĒA increases from'1.05
to 1.5 eV and then decreases to'1.3 eV as the Fermi energ
moves from the valence band to the conduction band. I
interesting to note that the observed change ofĒA with the
Fermi energy is comparable to that of the formation ene
Eform , for H1 and H2; the latter quantity changes with
slope of11 and21 for H1 and H2, respectively.23

Previously, it was assumed thatĒA represents an estimat
of the hydrogen chemical potential with respect to the
transport states, namelyEM2mH .8,17 The H chemical poten-
tial is determined by the occupation of the H density-
states distribution and the quasichemical potential of
monatomic H gas assuming that H in the solid is in appro
mate equilibrium with the monatomic H in the plasma g
This allows the estimate of trap levels and the position of
H chemical potential within the context of a two-band mod

FIG. 20. ĒA as a function of the Fermi energy at 350 °C. Da
obtained frommc-Si are shown by squares. The circles and d
monds were obtained for H diffusion ina-Si:H from Refs. 18 and

19, respectively, after analyzing the data according to Eq.~2!. Ẽ
denotes the mean energy of the electronic states of H1 and H2 in
silicon. The arrows indicate the approximate positions of cond
tion and valence bands of poly-Si andmc-Si with respect to the
band gap ofa-Si:H.
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using the temperature and time dependence of H diffusion
the following discussion we propose a different interpre
tion of ĒA taking into account the charge state of the migr
ing H species, trapping and release of H from deep trapp
sites, and the influence of the hydrogen chemical potent

B. Diffusion of charged hydrogen

The charge state of hydrogen plays an important role
the microscopic diffusion process. From hydrogen diffusi
and drift studies inc-Si and first-principles calculations it i
known that monatomic H diffuses in the positive (H1) and
negative charge state (H2) in p-type and n-type silicon,
respectively.23–25 The lowest-energy state of H in silicon i
formed by exchanging electrons with the Fermi level. Th
the formation energies of charged hydrogen depend on
Fermi energy. For instance, to change the charge state
neutral hydrogen (H0) to a negatively charged atom (H2) an
electron has to be removed from the Fermi level to the H0. In
p-type silicon this process costs more energy than inn-type
samples. Therefore, the negative charge state will be m
stable in n-type silicon. The neutral charge state is nev
stable which is characteristic for a ‘‘negative-U’’ center. The
dashed line labeledẼ in Fig. 20 indicates the Fermi energy a
which monatomic H changes from being nearly all positi
(H1) to nearly all negative (H2); in c-Si and poly-SiẼ
resides atEc20.4 eV.22

Hydrogen transport occurs by surmounting a barrier
tween minimum energy positions. According to firs
principles calculations, inn-typec-Si the global minimum is
the tetrahedral interstitial site,Td , with a migration barrier of
Em50.25 eV betweenTd sites. On the other hand, inp-type
silicon the bond-centered site~BC!, was identified as the
global minimum withEm50.2 eV.23 These migration barri-
ers are slightly smaller than the activation energy of 0.5
obtained from high temperature diffusion experiments
H1.26 Once hydrogen diffuses in the transport states the
fusion activation energy in disordered silicon~poly-Si,
mc-Si, a-Si:H! should be the same as inc-Si since the short
range order in disordered silicon is similar to that inc-Si. In
fact, in situ conductivity measurements performed duri
plasma hydrogenation showed that in intrinsic andp-type
poly-Si hydrogen diffuses in the positive charge state27

Moreover, since the charge state does not change along
diffusion path,23 the diffusion barrier remains independent
the Fermi energy for H1 as well as for H2. Hence, the
observed Fermi energy dependence ofĒA should be attrib-
uted to a Fermi level dependence of the formation energy
interstitial hydrogen.

The experimentally observed activation energies for
diffusion in disordered silicon are significantly higher tha
the migration barriers for interstitial H. This is indicative o
H capture and release at deep states. Inc-Si hydrogen is
known to form large two-dimensional clusters,11,28interstitial
diatomic H2 ,29 and H-dopant complexes13 that slow down
the diffusion process. Disordered silicon provides additio
prominent deep H traps namely, silicon dangling bonds2,7

The presence of deep H traps results in a significant decr

-

-
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of the diffusivity; grain boundaries in poly-Si act as efficie
traps for H and D, effectively reducing the diffusivity.8,15

Thus, the microscopic diffusion process can be described
three processes:~i! migration of charged interstitial H in the
transport states over a barrierEm , ~ii ! capture of H at deep
trapping sites, and~iii ! the release of H from deep states in
interstitial transport states. These processes are sketch
Fig. 21. In the following example we will consider H1 dif-
fusion in p-type samples; the microscopic picture for H2

diffusion is equivalent. In undoped andp-type samples H
diffuses in the positive charge-state H1. When H1 is cap-
tured in a deep trapping site, like a Si dangling bond,
capture of an electron is required to form a Si–H bond. D
sociation of this complex occurs through the wagging vib
tion of the Si–H bond. When the H atom approaches
adjacent Si–Si bond center defect levels move from the c
duction and valence bands into the gap. These states
capture charge upon which the Si–H bond dissociates30 leav-
ing behind a Si dangling-bond and a neutral H. Thep-type
nature of the semiconductor requires a change of the ch
state to H1. The latter mechanism should account for t
dependence ofĒA on the Fermi energy. However, if th
Fermi energy is close to the valence band a second ch
transfer from the Si dangling bond should occur to form
positively charged defect. Accordingly,ĒA should change
twice as fast in response to a shift of the Fermi energy;
slopes of the lines in Fig. 20 should be12 and22. This,
however, is not the case. Possible reasons might be pote
fluctuations at grain boundaries or temperature depend
of the theoretical diffusion prefactor,D0

t .
An important result comes from electron paramagne

resonance~EPR! measurements performed on phosphoro
boron, and undoped poly-Si. The P and B concentration
the investigated samples were about 1018 cm23. Independent
of the doping concentration the Si dangling bond concen
tion varied between 531018 and 7.731018 cm23. This ob-
servation demonstrates that a change of the Fermi en
does not result in a change of the charge state of Si dang
bonds.31 Therefore, the following microscopic pictur
evolves for poly-Si andmc-Si:H. A Si–H bond dissociates
into a neutral Si dangling bond and a neutral H atom. S
sequently, only the charge state of the H atom changes
H1 or H2 depending on the Fermi energy of the semico
ductor. The latter process is reflected by the Fermi ene

FIG. 21. Illustration of the microscopic diffusion mechanism
H and D atoms in disordered silicon.Em is the migration barrier for
interstitial diffusion.~a! and~b! illustrate H trapping and detrappin
at a deep site, respectively.
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dependence ofĒA with slopes of11 and 21 for EF2EV

,Ẽ andEF2EV>Ẽ, respectively, as observed in Fig. 20.
ĒA can be written as

ĒA5Em1Eform~H1/H2!2Eform~HT!, ~3!

whereEform(H1/H2) is the formation energy of H1 or H2,
and Eform(HT) is the formation energy of H in a deep tra
state. The donor and acceptor levels of H inc-Si, located at
'0.2 eV and '0.56 eV below the conduction band
respectively,22 allow a determination of the relative forma
tion energies of H0, H1, and H2, and their dependence o
EF . As explained in Ref. 32 the relative formation energ
can be placed on an absolute energy scale by referen
them to the energy of a free H atom. For the migration b
rier for interstitial H diffusion we use the experimental
determined activation energy ofEm50.5 eV for H diffusion
in c-Si. Thus, the only unknown in Eq.~3! is Eform(HT).

The variation of Eform(HT) with the Fermi energy is
shown in Fig. 22 for poly-Si andmc-Si. The zero of energy
corresponds to a free H atom. The values are in the rang
22.2 to 22.6 eV where, according to first-principles calc
lations trapping states for H may occur.32 For Fermi energies
close to the conduction band values forEform(HT) are lower
by about 0.3 eV compared toEF close to the valence band

A careful look at the calculated energies for H configu
tions in c-Si reveals that allEform(HT) values are located
between the energy for H at an isolated Si dangling bo
~22.17 eV! and H accommodated at a Si dangling-bond in
vacancy~23.15 eV!.32 However, an assignment of the fo
mation energies of deep H trapping states to relevant H c
plexes cannot be made since the first-principle energies fo
complexes such as H2, H2* , and H at isolated dangling
bonds are lower, while the energy for H at a pre-existing
dangling-bond is much larger32 than Eform(HT). For a thor-
ough comprehension ofEform(HT) it is important to estimate
the position of the hydrogen chemical potential and its infl
ence on the diffusion process.

C. Hydrogen chemical potential

In analogy to the Fermi energy one can define a chem
potential for hydrogen,mH . The H chemical potential is in-
dependent of concentration over a large H concentra
range;mH is pinned for most H concentrations33 which is
consistent with a negative-U model of H and the idea that H
forms Si–H bonds in pairs. Pinning ofmH occurs due to a
reversed order of the single and double occupied states f
in silicon. The single occupancy configuration is position
abovemH and the zero and double occupancy states are
cated belowmH .34

In Eq. ~3! the migration barrierEm andEform(H1/H2) are
independent of the H chemical potential. The only term t
depends onmH is the formation energy of a deep H tra
Eform(HT). Therefore, the properties ofEform(HT) should be
governed bymH . In Fig. 23Eform(HT) is plotted as a func-
tion of the peak H concentration near the surface. In undo
poly-Si ~diamonds! Eform(HT) changes about 0.2 eV whe
the H concentration is increased from the mid-1018 cm23
1-10
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level to about mid-1020 cm23. In P doped samples a smalle
change ofEform(HT) of '0.1 eV is observed. On the othe
hand, in B doped poly-Si an increase ofEform(HT) with in-
creasing H concentration is observed only for B concen
tions smaller than 1017 cm23. At low H concentrations there
is a clear difference between H diffusion inp-type andn-type
poly-Si; according to Hall effect measurements nomina
undoped poly-Si revealsn-type conductivity. In p-type
poly-Si the formation energy for H trapping stat
@Eform(HT)'22.5 eV# is smaller than inn-type specimens
@Eform(HT)'22.4 to 22.3 eV#.

Assuming that H in the solid is in approximate equili
rium with the monatomic H in the plasma gas, then the q
sichemical potential of the monatomic H gas,mplasma, deter-
mines the position ofmH . The rate of change ofmplasmawith
temperature amounts tomplasma/T520.0016 eV/K.8 There-
fore, Eform(HT) should reveal a similar temperature depe

FIG. 22. Formation energy of H traps as a function of the Fe
energy. The data points were obtained by fitting the data of Fig

to Eq. ~3!. The zero of energy corresponds to a free H atomẼ
denotes the mean energy of the electronic states of H1 and H2 in
silicon. The arrows indicate the approximate positions of cond
tion and valence bands of poly-Si andmc-Si with respect to the
band gap ofa-Si:H.

FIG. 23. Eform(HT) at 350 °C vs the peak H concentration ne
the sample surface.
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dence. In Fig. 24Eform(HT) is shown as a function of the
hydrogenation temperature for the doping and passiva
conditions described in the previous sections. Except for
D concentration diffusion into undoped poly-Si, which
represented by solid diamonds,Eform(HT) increases roughly
at a rate of20.001560.0005 eV per K. This value agree
quit well with the rate of change ofmplasmawith temperature.
The formation energy of deep H trapping states can be w
ten as

Eform~HT!5Ef
0~HT!2kT lnS NH

CH
D , ~4!

whereEf
0(HT) is the actual formation energy of deep H tra

ping sites,NH is the density of H transport sites, andCH is
the concentration of H atoms residing in the transport sta
during the diffusion experiment. UsingEf

0(HT)521.65 eV
and NH'1023 cm23 the temperature dependence
Eform(HT) was calculated. The value ofEf

0(HT) corresponds
to the first-principles energy for H2* .32 In Fig. 25, fits and
data of one B, one P, and the undoped poly-Si sample
shown. For clarity the other data sets shown in Fig. 24 w
omitted in the plot. Fit and data are in excellent agreeme
The only fitting parameter isCH . In Fig. 26,CH is plotted as
a function of the Fermi energy. Inp-type poly-Si (EF2EV
,0.5 eV) CH is in the range of 1016– 1017 cm23 while in
undoped andn-type samplesCH is about 1–2 orders of mag
nitude higher. A similar concentration of 1017 cm23 H atoms
in the transport states was observed inin situ conductivity
measurements during plasma passivation ofp-type poly-Si.27

In addition, it is interesting to note an asymmetry inCH
comparingn-type andp-type poly-Si. This is reminiscent o
the asymmetry of the formation energy of H1 and H2 in
c-Si.23

Assuming a simple two-level density-of-states, presen
in Fig. 27, the position of the H chemical potential can
estimated. In Fig. 27 the migration saddle point is rep
sented by the energyEm which is considered to be roughl
constant throughout disordered silicon. BelowEm is a distri-
bution of shallow trapping sites nearEBC/Td

. In a micro-

i
0

-

FIG. 24. Eform(HT) vs hydrogenation temperature,T, for ~a!
undoped and P doped poly-Si and~b! B doped poly-Si. The solid
and open symbols represent low and high D concentration di
sion, respectively.
1-11
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N. H. NICKEL AND I. E. BECKERS PHYSICAL REVIEW B66, 075211 ~2002!
scopic picture these transport states correspond to Si-Si b
center and tetrahedral interstitialTd sites in p-type and
n-type material, respectively. As mentioned in Sec. IV B t
height of the migration barrier depends on the charge stat
H. However, like in the previous section we will use th
experimental value ofEm50.5 eV.26 Thus, the transpor
statesEBC/Td

are located around21.05 eV. In equilibrium
the H chemical potential separates the filled from the em
states. Hence, the H chemical potential resides betw
EBC/Td

andEf
0(HT). This leads to an energy range ofmH5

21.1 to 21.5 eV. An other estimate ofmH can be obtained
from the quasichemical potential of the monatomic H ga35

At a typical passivation temperature of 500 K and an atom
H concentration of 531015 cm23 ~Ref. 36!, mPlasmaamounts
to '0.8 eV. Assuming thatmPlasmain the near-surface regio
of the samples is approximately identical tomH the H chemi-
cal potential resides at approximately21.35 eV at a hydro-
genation temperature of 500 K, which is in good agreem
with the energy range of21.1 to21.5 eV estimated above

V. SUMMARY

In summary, we have presented a detailed investigation
hydrogen diffusion in poly-Si andmc-Si. Hydrogen trans-

FIG. 25. Temperature dependence ofEform(HT). For clarity only
three representative data sets of Fig. 24 and the correspondin
are shown.

FIG. 26. Fitting parameterCH as a function of the Fermi energy
The open and solid squares represent high and low D concentr
diffusion, respectively.
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port in doped poly-Si andmc-Si is enhanced compared t
undoped material. The effective diffusion coefficient is th
mally activated and varies between 0.01 and 1.69 eV i
response to a change of the H and dopant concentrati
The variation ofEA is accompanied by a change of the d
fusion prefactorD0 by more than 15 orders of magnitud

Using the theoretical diffusion prefactor the energyĒA nec-
essary to yield the observed diffusion coefficient was cal

lated. The largest values forĒA were obtained for H diffu-
sion in undoped poly-Si. Independent of the degree

disorder ~a-Si:H, mc-Si, or poly-Si! ĒA reveals a depen
dence on the Fermi energy similar to that of the format
energy of H1 and H2 in c-Si. The data support a model fo

trap-limited H diffusion, in whichĒA is the sum of the mi-
gration barrier for interstitial H and the H chemical potenti
and the difference between the formation energies for a
drogen interstitial~H1 or H2, depending on the Fermi en
ergy!, and for H at a deep trapping siteEf

0(HT). An analysis
of the experimental data yielded an energy of21.65 eV for
the H trapping site and the H chemical potential was e
mated to reside at approximately21.35 eV at a typical pas-
sivation temperature of 500 K.
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FIG. 27. Schematic H density-of-states distribution in dis
dered silicon.Em , EBC/Td

, andEf
0 denote the energies of the m

gration saddle point, the Si–Si bond center position or the inter
tial Td site depending on the Fermi energy, and deep H trapp
sites, respectively. The occupation of the various levels is de
mined by the H chemical potential,mH . The zero in energy corre
sponds to a free H atom.
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