PHYSICAL REVIEW B VOLUME 53, NUMBER 12 15 MARCH 199611
Hydrogen migration in polycrystalline silicon
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Hydrogen migration in solid-state crystallized and low-pressure chemical-vapor-dep@$M#e¥D) poly-
crystalline silicon(poly-Si) was investigated by deuterium diffusion experiments. The concentration profiles of
deuterium, introduced into the poly-Si samples either from a remote D plasma or from a deuterated amorphous-
silicon layer, were measured as a function of time and temperature. At high deuterium concentrations the
diffusion was dispersive depending on exposure time. The dispersion is consistent with multiple trapping
within a distribution of hopping barriers. The data can be explained by a two-level model used to explain
diffusion in hydrogenated amorphous silicon. The energy difference between the transport level and the deu-
terium chemical potential was found to be about 1.2—-1.3 eV. The shallow levels for hydrogen trapping are
about 0.5 eV below the transport level, while the deep levels are about 1.5-1.7 eV below. The hydrogen
chemical potentialuy decreases as the temperature increases. At lower concentratignsas found to
depend markedly on the method used to prepare the poly-Si, a result due in part to the dependence of crystallite
size on the deposition process. Clear evidence for deuterium deep traps was found only in the solid-state
crystallized material. The LPCVD-grown poly-Si, with columnar grains extending through the film thickness,
displayed little evidence of deep trapping, and exhibited enhanced D diffusion. Many concentration profiles in
the columnar LPCVD material indicated complex diffusion behavior, perhaps reflecting spatial variations of
trap densities, complex formation, and/or multiple transport paths. Many aspects of the diffusion in poly-Si are
consistent with diffusion data obtained in amorphous silicon.

[. INTRODUCTION intrinsic poly-Si to monatomic hydrogen at elevated tem-
peratures causes the formation of acceptorlike states which
Polycrystalline silicon(poly-Si) has attracted a great deal leads to electrical type conversion. The newly created accep-
of interest as an active material in photovoltaic devices andor states are stable up to 350 *Chese hydrogen-induced
large area applications such as thin-film transistors. Howdeleterious effects in poly-Si and the defect passivation are
ever, to obtain technologically useful material, grain-governed by diffusion kinetics. Therefore, because the hy-
boundary defects in poly-Si must be passivated. Commonlygrogenation process is both essential and leads to undesirable
this is achieved by exposing poly-Si to a hydrogen plasma agffects, it is important to understand hydrogen transport and
elevated temperatures. Hydrogen introduced into poly-Si difbinding in poly-Si.
fuses in the positive charged statd *) and enhances the  In this paper we investigate hydrogen transport in differ-
electrical conductivity during the exposur&@he hydrogena- €ntly prepared poly-Si films by analyzing deuterium and hy-
tion results in a decrease of the defect density, thereby imdrogen diffusion depth profiles measured by secondary-ion-
proving the electrical properties of the poly-Si films and mass spectrometSIMS). The H diffusion was studied as a
devices>™ As a function of the hydrogenation time, the function of time, temperature, and concentration, using either
dangling-bond density decreases to a residual saturatioh remote deuterium plasma or a deuterated amorphous-
value that strongly depends on the passivation temperaturgilicon layer(solid source¢ We find that the hydrogen diffu-
The total H concentration in hydrogen-passivated polycryssion properties depend strongly on the deuterium source and
talline silicon (poly-Si:H) exceeds the dangling-bond spin ©on the host material.
density by more than two orders of magnitifde. The paper is organized as follows. Section Il briefly de-
Until recently there was no evidence of any deleteriousscribes the sample preparation and the experimental tech-
aspects in poly-Si due to the presence of hydrogen. Recentlpiques used to hydrogenate and characterize the specimens.
however, it has been demonstrated that hydrogen is directliyeuterium and hydrogen concentration profiles obtained by
involved in various phenomendi) Illumination produces Secondary-ion-mass spectrometry are presented in Sec. Ill. In
metastable Si dangling bonds in hydrogenated poly-Si. It i$S€c. IV we discuss the implications of the data for hydrogen
believed that hydrogen atoms, migrating as a result of illufransport in poly-Si and the influence of the microscopic
mination, cause the rupture of strained Si-Si bonds in thé&tructure on the diffusion process. Finally, Sec. V summa-
grain-boundary regions generating spin-active defetit3 A rizes the main conclusions of this work.
cooling-rate-dependent metastable change occurs in the dc
dark conductivity of poly-Si:H Hydrogen becomes trapped Il. EXPERIMENT
in the bond-center position of strained Si-Si bonds donating
its electron which results in an increase of the electrical con-
ductivity. This complex has recently been identified as a do- The experiments described in this paper were performed
nor state in crystalline silicofr:** (iii ) Prolonged exposure of on two kinds of undoped polycrystalline silicon films. The

A. Samples
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first set of poly-Si films was deposited by low-pressure
chemical vapor depositiofl. PCVD) at 625 °C to a thickness 10% F
of 0.55 um. Cross-sectional transmission electron micros-

copy revealed that this material was composed of columnar

grains with a smaller grain size near the substrate as com- 102°
pared to the bulk. The average grain diameter is 15 nm, and
the length of the grains is only limited by the film thickness.
The second set of poly-Si films was prepared by solid-state

SSC poly-Si

19 .
crystallization (SSQ of 0.3- and 0.55xm-thick LPCVD — 10 E
amorphous siliconat 600 °C. In this material the grain 'g
boundaries are randomly distributed, and the average grain =
size is 120 nm. Both materials were deposited on quartz and 2 10" nerfe 3

on single-crystal silicon wafers with a thin thermal oxide, 10
nm thick.

B. Hydrogen passivation

Hydrogen (deuterium was introduced into the samples 10'6
from two distinct sources: remote plasma and diffusion from 0.0 0.2 0.4 0.6 0.8
a solid-state layer. The hydrogen passivation by remote Depth (um)
plasma was accomplished through the following steps. The
samples WETE given a metaITOX|de.-sem|conductor grafje d,e' FIG. 1. Deuterium concentration depth profiles in solid-state
tergent cIeanm_g, and th_e native oxide was remOV(_ad with dlE:rystallized poly-Si(solid lineg. The specimens were exposed to
lute HF to avoid a barrier to hydrogen incorporation. Theny,natomic deuterium for 60 min at the indicated temperatures. The
the specimens were exposed to monatomic hydrogen Propshed lines depict a least-squares fit to the convolution of an erfc
duced in an optically isolated remote hydrogen plasma. Fofith the SIMS depth resolution functiofEq. (1)]. The dotted
SIMS analysis, deuterium was used as a readily identifiableyrves indicate the accumulation of D close to the sample surface.
isotope which duplicates hydrogen chemistry. In the subse-
quent discussion, the term hydrogenation will be used interThe concentration of monatomic D is attenuated because the
changeably with deuteration because no significant differerfctivated H fails to penetrate the oxide, thereby reducing the
transport has been found for the two isotopes. Solid-statgoncentration of atomic H in the top surface of the poly-Si
crystallized and LPCVD-grown undoped poly-Si films werefor a fixed temperature. This results in a decrease of the
simultaneously exposed to monatomic deuterium varyingurface concentration of monatomic D in the specimen. Us-
time periods and temperatures. During post-deuteration thigg the above procedures, the effect of changes in concentra-
concentration of monatomic D in the plasma is constant, angon could be adjusted independently of temperature.
was estimated to be-10" cm~* using electron paramag-  The deuterium concentration profiles were measured by
netic resonance measuremetits. SIMS using a C$-ion beam. A standard crystalline silicon

Solid-state or layer hydrogenation was accomplished ussample implanted with a deuterium dose ok 10** cm™2
ing the following protocol. After removing the native oxide was used to calibrate the deuterium concentrations. The ab-
from both SSC and LPCVD poly-Si films, a Odm-thick  solute concentration values are accurate to within a factor of
deuterated amorphous silicom-Si:H:D) layer was depos- 2, but the relative precision when comparing two profiles is
ited at 150 °C by diluting silane with 20% deuterium in the much better. The depth scales were obtained by measuring
gas phase. Thea-Si:H:D layer was sealed with a 0.5- the depth of the sputtered craters using a mechanical stylus.
pm-thick a-Si:H capping layer. The structure was then an-

neale_d at various temperatures, causing the deuterium_ to_dif- IIl. RESULTS
fuse into the poly-Si. The capping layer prevented a signifi-
cant deuterium loss during annealing. The results presented in this section consist of the follow-

In the above experiments, a change in temperature wa8g experimental matrix formed by varying the following
found to affect the D concentration as well as the diffusion.parameters: the type of poly-88SC or LPCVD, deutera-
In order to separate the concentration dependence from tH#®n source(remote plasma or diffusion from a solid souxce
temperature dependence, the D concentration at a fixed terfemperature, time, and concentration. Section Il A presents
perature was attenuated using two different methG3wo  results for diffusion from a plasma, and Sec. Ill B presents
samples were simultaneously hydrogenated. One sample wilte results for diffusion from a layer. Within each of these
mounted with the poly-Si layer facing away from the remotesections, the effect of the type of poly-Si, and the time and
plasma and toward the sample holder. A 1-mm gap betweetgmperature are presented.
the sample holder and the sample was provided by two ce-
ramic pillars. The H concentration at the poly-Si surface was A. Diffusion from a plasma
attenuated by the recombination of H on the surface of the
sample holder. A sample with the poly-Si film facing the
remote plasma served as a contrGi) A 10-nm-thick Figure 1 shows typical D concentration profiles in solid-
silicon-oxide layer was deposited on top of the poly-Si film. state crystallizedSSQ poly-Si after an exposure to mon-

1. Solid-state crystallized (SSC) poly-Si
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FIG. 2. Time dependence of deuterium depth
profiles in solid-state crystallized poly-Si exposed
to monatomic D(a) at 350 °C(note: offset for
clarity) and (b) at 450 °C. The dashed lines de-
pict a least-squares fit to E€lL). The dotted lines
indicate the exponential decays with a character-
istic length ofxy=24.3 nm for all profiles.
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atomic deuterium at various indicated temperatures for 6@larity. With increasing exposure time D diffuses deeper into
min. With increasing temperature the deuterium concentrathe sample, and increases the deuterium concentration in the
tion in the bulk of the specimens increases, while the Dbulk. Since the slope of the exponential decay remains con-
concentration at the surfadéhe depth equals)Odecreases stant, the gap between the data and erfc fit increases. A simi-
from 1x10%' cm™ 2 at 250°C to 2.& 10 cm™2 at lar diffusion behavior has previously been reported in amor-
450 °C. The D surface concentrati@, and the effective phous silicon &-Si).**15As will be discussed below in Sec.
diffusion coefficientD ., were obtained from least-squares IV, the kink between the erfc and an exponential decay in the
fits of the data to the convolution of a complementary errordiffusion depth profiles occurs when the deuterium concen-
function and the resolution function of the SIMS analysis: tration equals the trap density.
By fitting the high concentration portion of the profiles in
X
erfc(% ' (1) determined as a function of plasma exposure time and tem-
perature. In Fig. 3 the effective diffusion coefficient is plot-

Figs. 1 and 2, the effective diffusion coefficieBt.s was
with S(t) = (4D ¢4t) 2 andt is the diffusion time. For diffu- ted versus I as indicated by the open triangles. The effec-

Cp(x,t)=Cy + Rsivs

sion from a deuterium plasm&gys is given by tive diffusion coefficientDos has an apparent activation
energy of 0.63 eV. This diffusion activation energy is similar
R~ X ﬂ ¢ S - xo to the 0.8-eV activation energy observed for diffusion from a
sims™ €X XR ex 4x§< er 2xg  S(1) plasma source into hydrogenated amorphous silicon, and is

different from the diffusion from a layéf The dependence
—erfc( iﬂ) _ ] @) of D+ on hydrogenation time and temperature is shown by
2XR ' the open triangles in Fig. 4. Because the scales are log-log,
D exhibits a power-law dependence on deuteration time.
with a SIMS depth resolution ofz=8 nm. Within the first The data was fitted to the forf'®
1000 A the concentration profiles exhibit a surface peak in-
dicated by the dotted curves in Fig. 1. For a depth greater Def~Do(wt) "8 3
than 1000 A and at high D concentrations the fidashed
curves in Fig. 1 are in good agreement with the data, indi- where D, is a constantw is an attempt frequency, and
cating that the D transport can be described by a single dif8=T/Tj is the dispersion parametdr.is the measurement
fusion coefficient. However, at concentrations belowtemperature, andl, is the characteristic disorder temperature
~4x 10" cm™3 the diffusion profiles deviate from the fits, discussed below. The solid lines in Fig. 4 depict the results of
and decay exponentially with depth. This deviation increasethe fits of Eq.(3). In summary, the data presented above
as deuterium diffuses deeper into the sample. demonstrate that diffusion of deuterium in SSC poly-Si ex-
The time dependence of the deuterium diffusion in solid-hibits an activated and dispersive character.
state crystallized poly-Si for two temperatures is shown in It is important for understanding microscopic diffusion
Fig. 2 (solid curve$, and fits to Eq.(1) are superimposed processes to separate the concentration dependence of the
(dashed lings Independent of the deuteration temperaturediffusion from the temperature dependence. In previous ex-
Ty, and the diffusion time, all deuterium depth profiles de-periments a change of the deuterium surface concentration
viate from a complementary error function at a concentratioralways occurred in conjunction with a temperature change.
of 4—-8x 10" cm~3. The dotted lines in Fig. 2 represent  Figures 5 and 6 illustrate the concentration dependence of
least-squares fits to an exponential decay with a slope dhe deuterium diffusion. In Fig. 5 the curve labeled “normal”
Xo=24.3 nm which is independent of exposure time andrepresents a typical depth profile obtained after a 20-min
temperature. The curves of Figia® are shifted vertically for exposure to monatomic D at 350 °C. The lower curve was
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FIG. 5. Deuterium depth profiles in solid-state crystallized

e . ly-Si after an exposure to monatomic D at 350 °C for 20 min.
ture for diff f lasmé g PO : :
perature for diffusion from a plasmepen symbolsand a solid The lower curve was obtained by attenuating the D surface concen-

source(solid symbol$. The triangles represent solid-state crystal- - . )
lized poly-Si and the squares were obtained on LPCVD-growntrat'on and the upper curve displays the D concentration profile

poly-Si films. The cross represents the diffusion coefficient Ofaftera normal plasma exposure.

c-Si which was obtained from the high-D concentration part of the .
depth profile shown in Fig. 10. The activation energies were ob£aY l€ngth of~19.5 nm. An even stronger attenuation was

tained from the slopes of the lines and are indicated in the figure.@chieved by depositing a 10-nm thick SiCayer on top of
the poly-Si film. This causes the surface D concentration to

obtained exposing the specimen under identical conditiongl€crease by almost three orders of magnitude for identical
but attenuating the flux of monatomic D into the sample bydeuteranon conditiongFig. 6). As observed in Fig. 5, the

mounting it upside down on ceramic pillars. In this case theProfiles deviate from a complementary error function and
depth profile exhibits a simple exponential decay with a dedecay exponentially with depth with a decay length~o22
nm. The exponential decay is not due to the SIMS depth

resolution, which is about 8 nm. Moreover, the decay length

FIG. 3. Diffusion coefficient as a function of the reciprocal tem-
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FIG. 4. Time dependence of the effective diffusion coefficient 0 0.1 0.2 0.3 0.4 0.5

D for various temperatures. The open triangles correspond to Depth (um)

solid-state crystallized poly-Si, and the open squares were obtained

on LPCVD-grown poly-Si films. The lines represent a least-squares FIG. 6. Deuterium depth profiles in solid-state crystallized
fit to the expressiom ¢g~Do(wt) ~T7To), The values obtained poly-Si with and without a 10-nm-thick SiOlayer. The specimens
for the T are indicated. were exposed to monatomic D at 350 °C for the indicated times.
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FIG. 7. Deuterium concentration depth profiles in LPCVD-
grown polycrystalline silicon films composed of columnar grains  FIG. 8. Deuterium concentration depth profiles in LPCVD-
(solid lineg. The specimens were exposed to monatomic deuteriungrown polycrystalline silicon(solid curve$ after an exposure to
for 60 min at the indicated temperatures. The dashed lines depict monatomic deuterium at 200 and 300 °C, respectively, for 5 min.
least-squares fit to E@1). The poly-Si/substrate interface is located The dashed curves represent least-squares fits to an exponential
at a depth of 0.5%m. decay with a characteristic decay lengtyr=75 nm. Note the en-
hanced deuterium concentration in the surface region.

is consistent with the results of Figs. 1 and 2, where trap-

dominated diffusion was observed for deuterium concentraSUbStrate on the diffusion profile at a depth of 0/5%, and

tions less than 4—810' cm~23. In both cases the plasma 90€S not reflect the presence of deep H traps.

attenuation causes a decrease of the D surface concentratiPInThe inf:)uence 'co)lf tgisu dbstrate on thﬁ deuterium dgpth ;_?_ro-
which is accompanied by a decrease of the diffusion coeffii_I Sé\(/:gn € avoided by ecreas(ljnfg t 5e exposure time. vgo
cient (e.g., in Fig. 5D decreased from 6:210° 4 to specimens were exposed for 5 min to monatomic

6.7x 10715 cm¥s). For a concentration-independent diffu- at 200 and 300 °C, respectively. The concentration profiles
Ny i iorfife represented by the solid curves in Fig. 8. Shorter deutera-

: tion times reveal an interesting feature in the D depth pro-
would not affectD4. Thus, from the above data, it can be _ ; g .
eff wes. At a depth of=0.2 um the profiles exhibit a kink

concluded that the concentration dependence of the diffusion - .
coefficient is quite important. which becomes more pronounced at lower deuteration tem-

peratures. These depth profiles cannot be described by a
2 LPCVD 00lv-Si single diffusion process. The high concentration region ap-
' POly-Si pears to be distinct from the exponential region at lower
The effect of the crystallite structure on the diffusion is concentrations. This observation is similar to the data ob-
investigated by repeating the experiments using LPCVD1ained in SSC poly-Si, where the surface D peak is only
grown poly-Si. Deuterium depth profiles obtained onslightly smaller than the erfc regiafotted lines in Fig. L
LPCVD-grown poly-Si films after an exposure to monatomic The dashed lines in Fig. 8 represent least-squares fits to an
D for 60 min are plotted in Fig. 7. Comparing the data to theexponential decay with a slope ef75 nm independent of
diffusion profiles obtained on SSC poly-Si shows that thethe temperature or time, suggesting that the low concentra-
deuterium diffusion in LPCVD-grown poly-Si is enhanced. tion region represents H trapping onto deep traps. The devia-
At low hydrogenation temperature$ (=250 °Q the deute- tion of the fit observed in the specimen which was deuterated
rium concentration at the sample surfdtiee depth equals)0 at 300 °C is caused by the influence of the poly-Si/substrate
is Co=4.2x10?° cm~3. With increasing temperature the interface (indicated by an arroyon the diffusion profile
deuterium concentration decreases and becomes nearly cagven for an exposure time of only 5 min. The enhanced
stant with depth al ;=450 °C. The dashed curves in Fig. 7 hydrogen diffusion in LPCVD-grown poly-Si is again quite
represent least-squares fits of the data to(Eg.and fit the  apparent.
data well. As observed in the SSC poly-Si for D concentra- Fitting the high-concentration regions of the deuterium
tions below~4x 10" cm~3, the depth profiles deviate from diffusion profiles in Figs. 7 and 8 to E¢l) yields the effec-
the fit (Ty>250°0, and the D concentration decays ap- tive diffusion coefficientD.¢ as a function of plasma expo-
proximately exponentially with depth. However, in contrastsure time and temperature. The effect of temperature on
to SSC poly-Si, this deviation occurs when the D reaches th®. in LPCVD-grown poly-Si is presented by the open
substrate. The deviation is therefore due to the effect of thequares in Fig. 3D is thermally activated withe,=0.72
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hydrogenplus deuterium depth profilegésolid curve in LPCVD-
grown polycrystalline silicon. Deuterium was introduced through a  FIG. 10. Deuterium concentration profiles as a function of the
sequence of five 60-min exposures at 390 °C. Then the specimerample depth in single-crystal silicon, solid-state crystallized, and
were exposed to monatomic H for 1 h. Prior to each plasma expoLPCVD-grown poly-Si. The specimens were exposed simulta-
sure, the oxide layer was removed with dilute HF. neously to a remote deuterium plasmarat=250 °C for 30 min.

The dashed line represents a least-squares fit to a complementary
eV, comparable to that found for the SSC poly-Si. In Fig. 4error function.
the time dependence @4 for LPCVD-grown poly-Si is
shown by the open squares for three passivation temperaients for both H indiffusion and D outdiffusion were found
tures. The time dependence of the LPCVD material is quitdo be Dgz~3x 10 ** cm?/s by fitting the data to an erfc.
similar to that of SSC material. However, at all deuterationSimilar results were obtained by reversing the hydrogen-
temperatures the effective diffusion coefficients are larger iration-deuteration sequence. Moreover, the results are inde-
LPCVD-grown poly-Si than in the SSC material. A compari- pendent of the macroscopic structure of the poly-Si; e.g.,
son of diffusion in LPCVD and SSC poly-Si indicates that LPCVD-grown and SSC poly-Si exhibited similar H and D
the crystalline structure of the material makes a large differoutdiffusion behavior, though with different values for the
ence. On the other hand, independent of the crystallite strudaiffusion coefficient. The difference in transport behavior be-
ture and the deuteration temperatubgg decreases with in- tween SSC and LPCVD-grown poly-Si is therefore not sim-
creasing exposure time. ply a result of different numbers of traps filled by H.

One might expect that the number of trapping sites is a The effect of substrate structure was further investigated
function of the grain boundaries which changes markedi\by comparing diffusion in the various forms of poly-Si to
between the two materials. The effect of the number of trapdiffusion in c-Si under similar conditions. In Fig. 10 deute-
ping sites on the diffusion was investigated by measuring theium depth profiles measured in SSC and LPCVD-grown
effect of prior deuteration on H transport in LPCVD films. In poly-Si are compared to depth profiles obtained-8i. The
this way the number of traps could be adjusted independentlgpecimens were exposed simultaneously to monatomic D
of the crystalline structure. In order to investigate H diffusionfrom a remote plasma at 250 °C for 30 min. The data in Fig.
in poly-Si:H some specimens were passivated with deutel0 show that deuterium diffusion in poly-Si is strongly re-
rium through a sequence of five 1-h exposures atluced compared to the diffusion @Si. These results dem-
390 °C followed by a 1-h exposure to monatomic H. Prior toonstrate that grain boundaries act as efficient traps for H and
each plasma exposure the oxide layer of the specimens way effectively reducing the diffusivity as was previously sug-
removed with dilute HF. The concentration profiles for hy- gested by Jacksoat al® Among the poly-Si samples, the
drogen, deuterium, and hydrogeius deuterium are shown diffusivity in LPCVD-grown poly-Si is larger than in SSC
in Fig. 9. In the entire depth of the specimen a significantpoly-Si. The depth resolution, however, is not high enough to
fraction of deuterium is replaced by hydrogen. The D ex-show that accumulation of D in the surface region of the
change is more pronounced at the surfébe depth equals poly-Si samples which is attributed to the formation of
0) where the D concentration decreases by about one order bfydrogen-stabilized platelet8.Of particular interest is the
magnitude. The D loss weakens gradually toward the interfact that the high concentration diffusion profiles of all the
face indicated by the peaks in the depth profiles. Despite theamples are remarkably similar particular for LPCVD-grown
deuterium outdiffusion the total Hplus D concentration poly-Si andc-Si. The slopes of the concentration profiles are
(solid curve in Fig. 9 increases over a depth of Quim by  similar for D concentrations exceeding ¥0cm~3. The
about 35%, indicating that the deuterium loss is over com¢-Si sample possesses a very fast, low concentration compo-
pensated by indiffusing H. The effective diffusion coeffi- nent that is not present in the disordered Si samples. At a
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FIG. 11. Diffusion from a deuterated amorphous silicon FIG. 12. Diffusion from a deuterated amorphous silicon
(a-Si:H:D) layer into unhydrogenated LPCVD-grown poly-Si. (a-Si:H:D) layer into unhydrogenated solid-state crystallized poly-
Layer diffusion was performed by annealing the specimens asi. For details see Fig. 11.

420 °C for 1 h. The dashed curves illustrate the D and H profiles
prior to the d_iffusion experiment_and the s_olid curves were _obtained Typical D concentration profiles of a-Si:H/a-Si:H:D/
after anneallng. After the d|ffu5|_on experiment the deuterium an%oly-Si multilayer structure are shown in Figs. 11 and 12 for
hydrogen profiles decay according to a comp!ementary error funCr_PCVD-gI‘OWﬂ and SSC poly-Si, respectively. The solid line
tion (erfc). A depth of O um marks the interface between o1 5 gepth of 0 indicates the interface between the
a-Sk:H:D and poly-Si layer. a-Si:H:D and the poly-Si layers. The dashed curves represent

the deuterium and hydrogen depth profilesasfprepared
depth>1 um the decay of the D concentration follows an multilayer structures. The exponential decay at the interface
erfc (dashed curve The least-squares fit yieldea D surface is determined by the SIMS depth resolutiory€8 nm)
concentration ofCo=1.2x 10 cm~2 and a diffusion coef- Wwhich is limited by the intermixing of material during ion
ficient of D= 7.2x 10~ ' cm?/s which is about 2—3 orders bombardment! The solid curves show the D and H depth
of magnitude larger compared to the diffusion coefficientsprofiles after annealing the specimens at 420 °C for 1 h. The
obtained for low concentration diffusicfull symbols in Fig. ~ effective diffusion coefficienD ¢« and surface concentration
3). Thus, at low concentrations, there is considerable differCo Were obtained by fitting the data to E@l), where
ence between poly-Si areSi while, at high concentrations Rsivs becomes
the diffusion is remarkably similar and independent of the )
form of the silicon lattice. Rercm ex SH_ x S x @

SIMS 4xa X 2xg St/

Exposure to a remote plasma requires the deuterium tdhe D surface concentration was found to 4&.5x 10"
overcome possible surface barriers to enter the samples. Aknd ~6.5x 10" cm~2 in LPCVD-grown and SSC poly-Si,
though the surface was kept clean, the buildup of surfaceespectively. The H surface concentration amounts to
species such as oxides during hydrogenation is unavoidablez 10*° and ~3x10* cm~2 in LPCVD-grown and SSC
Such surface layers could affect the transport of deuteriunpoly-Si, respectively. In both materials diffusion becomes
into the sample. Diffusion of deuterium from a solid-stateappreciable above 300 °C. The resulting hydrogen and deu-
overlayer provides an alternative means for introducing Dterium diffusion profiles decay with depth according to a
which could have a different set of barriers for incorporationcomplementary error function, indicating that the total H
into the polycrystalline silicon. A comparison of diffusion plusD concentration exceeds the number of deep t(Rus.
between D introduced by a remote plasma and from a solid1 and 12. It is interesting to note that in thee-Si:H:D layer
source could reveal such surface-limited processes. Furthethe H concentration exceeds the D concentration by one or-
more, because the surface concentration is greatly reducet®r of magnitude. This difference in H and D concentrations
when deuterium diffuses from a deuterated layer into unhyis also observed in the poly-Si layers after the diffusion ex-
drogenated poly-Si, the solid source provides an alternativperiments(Figs. 11 and 12 Moreover, similar to diffusion
means for studying the concentration dependence of the Bom a plasma, layer diffusion in LPCVD-grown poly-Si is
transport. enhanced compared to SSC poly-Si. The pronounced broad-

B. Diffusion from a solid source
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ening of the D profile toward the surface of theSi:H cap-
ping layer (at a depth less than) (s similar to previous Energy (V)
investigations of layer diffusion im-Si:H.:® -y
In Fig. 3 the temperature dependence of the diffusion co- \ - —
efficient for diffusion from a solid source is shown by the = =
solid squares and triangles for LPCVD-grown and solid-state -
crystallized poly-Si, respectively. In LPCVD-grown poly-Si 3
the diffusion coefficients are about a factor of 3—-6 smaller e =
over the entire temperature range compared to diffusion from —__\ —
a plasma source. Surprisingly, however, the apparent activa- i
tion energy of the diffusivity is independent of the deuterium . .
source Ep~0.46 e\). The temperature dependence of the gb gb )
diffusion coefficient for layer diffusion in SSC poly-Si is x H trap density
represented by the solid triangles in Fig. 3, and exhibits ac-
tivated behavior withE,~1.69 eV. This value is in good
agreement with results reported for solid source diffusion i
a-Si:H 132

FIG. 13. H traps in poly-SiE; represents deep traps predomi-
r{1antly located at grain boundariegh). E gc and E,, denote the
energies of the Si-Si bond-center position and the migration saddle
point, respectively. The occupation of the various levels is deter-
mined by the hydrogen chemical potential,. The hydrogen
IV. DISCUSSION density-of-states distribution is shown on the right side. Indicated
are the energies fdfgc, E;, anduy with respect to the migration
The data presented in the previous section can be undegaddle point for H migrationH,,=0 eV).
stood in terms of models used to describe diffusion in amor-

ph(_)us and crystalline silicon. Most pf the data can be eXSeparated in energy from these traps are deep states at en-
plained by a two-band model described below. The modeg gy E, which trap and release H on time scales long com-
parameters such as energy depth and trap concentration cggred to the diffusion experiments. In equilibrium the hydro-
be estimated from the temperature and concentration depefen, chemical potentiak, separates the filled sites from the
dence of the hydrogen diffusion. The spatial variation of theempty ones. The process of H diffusion can then be de-
concentration profiles provide additional information aboutgcriped in terms of H trapping and release from the density

the trap concentrations and capture radius, and confirm thgs binding-site energies over the barrier energies.
parameters derived from the temperature and concentration £or short times temperatures below about 420 °C, and

dependence. small changes in H concentration, the density of H traps can
be regarded as more or less fixed. The time scales for
A. Hydrogen density of states change_s in the density of states are usually Ior)g co_mpqred to
) ) the typical capture and release times, dominating diffusion at
From the experimental data one can determine a ”umb%mperatures from 200 to 350°C. However, for large
of properties of H transport in poly-Si. Because the H diffu- changes in H concentration, long times, and/or temperatures
sion is similar to that found in amorphous silicon, the results,;pove 420 °C. the concentration of trapping sites can
can be interpreted in terms of a hydrogen density-of-stateghange. Under these conditions, the density of H states,
model used to explain transportarSi.In this model, H - gquivalently, the number of sites per unit volume per energy,
transport is assumed to occur between minimum energy PQs therefore a function of the H concentration. The change in
sitions by surmounting the barrier between sites at a saddlgye concentration of trapping sites is equivalently described
point. Inc-Si the saddle po!nt for hydroger) mlgr:_:mon OCCUTS 55 3 change in H solubilif. For a fixed H chemical poten-
0.2-0.5 eV above the Si-Si bond-center S_'é?_l which was ideng,| the concentration of occupied sites varies as the number
tified as the global minimum for H diffusion (Ey in Fig.  of traps below the chemical potential. Hence, unlike elec-
13. The Iovger number was obtained from first-principles yonic transport, under some situations, the density of bind-
calculations'! while the higher value reflects the activation ing sites varies with H concentration, temperature, and time.
energy of the diffusion coefficient at high te_mperauﬁ%lm Details of the trapping levels can be determined from the
contrast toc-Si, polycrystalline silicon is an inhomogeneous giffysion data as a function of temperature and concentration
material in which identical crystallites are separated by graifollowing the results in Ref. 13. Assuming the simple two-

boundaries. The degree of disorder commonly present ifeye| density of states presented in Fig. 13, diffusion is given
poly-Si is related to strained Si-Si bonds and dangllng-bonci)y

defects, which are predominantly confined to these two-
dimensional boundaries. The disorder of the host material
gives rise to a distribution of barriers between H transport D.=D exp( _ E) (5)
sites. In Fig. 13 the migration saddle point is represented by eff— =0 kT)’

the energyE,, which is considered to be roughly constant

throughout the poly-Si material. Below the barrier energies isyith an activation energ§, given by

a distribution of shallow trapping sites near energyc
which trap and release the hydrogen as it diffuses through the
poly-Si lattice. The H equilibrates within the shallow trap
distribution during typical diffusion experiment time scales.

(6)

Em—E; whenc<N;
AT EM_EBC When N1+NBC>C>N1'
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This equation remains approximately valid not just for dis-
crete levels but for broadened density of states which exhibit
peaks in the occupied densities of states centered at the vari-
ous band energies as well. Thus, as in Ref. 13, the energies
of the shallow and deep trap levels can be determined from 12+
the activation energies of diffusion.

Furthermore, the position giy(T) can be estimated us-
ing the following procedure. The diffusion is given by

[Em—an(T)
Derr= DmicroeXF< - %H]) -

The microscopic diffusion prefactor is given by
D micro= 1/6va?, wherev is the attempt frequency aral is | A A
the mean free path. With reasonable assumptions of AN
v~10' Hz anda~0.3 nm, the microscopic diffusion pre- 1.5F A N
factor amounts toDie~10"2 cm? s~ 1. Assuming this .
prefactor, the energy in a Boltzmann factor necessary to yield I 1
the observed diffusion is computed using the relation

11

1.3F

(7) [ plasma layer N

A A ssC N
14F O m LecvD ‘\ﬁ*.‘ b

EM ~ Mg (eV)

1.6 N | 1 1 " 1 1
400 500 600 700 800

Deff
En—puu(T)=—kT In( ) (8) T (K)

D micro,

This computed energy represents an estimate of the energy FIG. 14. The derived enerdgy — uy(T) vs measurement tem-
differenceEy — wun(T), which depends on the measurementPerature, T for LPCVD layer diffusion (solid squares LPCVD
temperature as well as material properties. The results g&/asma diffusion(open squares SSC layer diffusion(solid tri-
pend only logarithmically on the assumed value of the mi_angles, and SSC plasma diffusiofppen triangles

croscopic prefactor so even an order of magnitude error will - U T
change the energies by less than 100 meV. Thus the appro! -S! (F'gd t() ahmounts to 2.X10 " cm®s "= which is
mate trap levels and the position of the hydrogen Chemicﬂepresente y the Cross in Fig. 3. The eﬁectl\(g d|ﬁL_|S|on
potential can be estimated within the context of the two-band™©M @ plasma foc-Si and LPCVD-grown poly-Si is quite

model using the time and temperature dependence of diﬁus_imilar.- In the crystalline silicon case, the gctivation energy
sion. of D is believed to represent the energy difference between

the migration saddle point and the Si-Si bond-centered posi-
tion. Thus at high D concentrations, the diffusion appears to
be independent of the disorder or structure of the silicon

The trap energies obtained by K§) are displayed in Fig. lattice. When large numbers of H are present in the silicon
3. For low D concentrations, the activation energy of thelattice, the average configurations available to most H atoms
SSC material is approximately 1.7 eV, while for the LPCVD- are the same independent of the lattice structure. The low-
grown poly-Si, the activation energy is about 0.4—0.5 eV.energy sites are occupied, leaving only the strong Si-Si bond
From the discussion above and from Ref. 13, we can consites available for binding. This suggests that the H platelets
clude that the deep trap levels in SSC material are locateth c-Si may be prevalent and control diffusion in poly-Si as
about 1.7 eV belovE,,. For the LPCVD material, the trap well.
levels are about 0.5 eV belot, . Apparently the traps in The position of the hydrogen chemical potential can be
LPCVD grown poly-Si are significantly shallower than in estimated assuming the microscopic prefactor is roughly
SSC poly-Si for low concentration diffusion. Because thel0 3 cm?/s in Eq.(7). The results are shown in Fig. 14 as a
surface concentration is less than midflem~2 for the  function of the hydrogenation temperature for the various
SSC profiles, we can conclude that the trap concentration isombinations of SSC and LPCVD-grown poly-Si and layer
above the mid-18® cm~2 in SSC poly-Si. The LPCVD- and plasma diffusion. Except for diffusion from a solid
grown material either has fewer traps, or these traps are irsource into SSC poly-Si, which is represented by the solid
accessible to the mobile hydrogen. These results are furthériangles in Fig. 14, the chemical potential sinks deeper in
confirmed in Sec. IV C by analysis of the spatial variation ofenergy with respect t&,,, roughly at the rate of 0.001 eV
the concentration profiles. per K. Extrapolating the data in Fig. 14 T=0 yields the

As the concentration of H increases above the deep tragctivation energies presented in Fig. 3. This rate of change
levels, the activation energy shifts to the next peak in thewith temperature corroborates one major assumption of the
occupied density of states. In the two-band model, this entwo-level model. The hydrogen chemical potential cannot
ergy corresponds to the shallow trap levelsEat.. From  change rapidly with temperature if it resides in a large den-
Fig. 3, Egc is on the order of 0.4-0.6 eV beloly, in both  sity of states. In order to exhibit the observed shift with
LPCVD-grown and SSC poly-Si. This activation energy istemperature, the density of H trapping sites must be small at
quite similar in magnitude to the 0.48 eV observed for Hthe hydrogen chemical potential. Therefore, the density of
diffusion in crystalline silicorf>?® The effective diffusion states must look approximately like the two-band model re-
coefficient, determined from the high-D concentration peakquires: two regions of high densities of states separated by a

B. Temperature and concentration dependence of diffusion
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deep minimum. The chemical potential in the SSC poly-Si is
independent of temperature becausgeis pinned in the large L1 e
density of deep traps present in this material. _ I T=350 °C

The temperature dependence of the hydrogen chemical
potential has two possible origins. First, it may arise because 1.2
there are more occupied states above the hydrogen chemical
potential than unoccupied states below. The chemical poten-
tial usually moves away from energies of high densities of
states toward low densities of states. Therefore, the data sug-
gest that the hydrogen chemical potential is above a mini-
mum in a density of states rather than below. A second ex-
planation for the shift oEy-uy(T) with temperature is that
pn(T) in the solid is determined by the H quasichemical
potential of the hydrogen plasmayasme Which decreases
with increasing temperature. If we assume that hydrogen in L5} A plasma layer .
the solid is in approximate equilibrium with the monatomic A A SSC
H in the plasma gas, then a decreaseuQf,smaCauses an [ O B LPCVD|
increase inEy-uy(T). The quasichemical potential of the 1.6 b o
monatomic H gas is given BY 107 1018

10" 10?° 10!

H concentration (cm'3)

Mplasma= KT In(cVg), (9

FIG. 15. Eyy— un(T) at 350 °C using the temperature depen-
dence ofg,, — uwy(T) observed in Fig. 14 vs the peak concentration
near the surface for LPCVD plasnfapen squargs LPCVD layer
(solid squares SSC plasmdopen triangles and SSC laye(solid
triangles.

wherec is the concentration of atomid, k is Boltzmann’s
constant,T is the gas temperature, aM} is the quantum
volume which is equal to I0** cm® for H around room
temperaturé® The atomic H concentration was measured
to be about %10 cm~2 (Ref. 12. Hence the rate of

phange of the hydrogen chemical potentigl with temperaturtév' in response to changes in the H concentration from
is given by u pasmd T=—0.0016 eV/K. This value depends 1317 ;=3 to mid-1* cm~2. The depth of the shallow traps

only logarithmically onc, and onVq, that is determined by 504 high concentration diffusion are remarkably similar in
fundamental constants. The decrease in chemical potentigla various forms of poly-Si and single-crystal silicon.

reflects the fact that at higher temperatures, H in the gaseous
state is more favorable than H within the solid due to the
greater entropy. The value agrees quite closely with the ex-
perimental value of-0.0013+0.0002 eV/K and the direc- Additional information about the H density of states can
tion with temperature. Therefore, the decrease in the hydrdse obtained through analysis of spatial concentration pro-
gen chemical potential could very likely arise from a files. If the free H concentration is comparable to or smaller
decrease in the plasma chemical potential with temperatur¢han the deep trap concentratidh, the diffusion is domi-
Clearly, more work is needed to further illuminate the originnated by the deep traps and the deuterium profiles decay
of the shift of uy with temperature. exponentially with depth. The concentration of tregs is
Using the change of the hydrogen chemical potential verderived from the D depth profiles where the decay of the D
sus temperature determined previously, we can correct theoncentration changes from an erfc to an exponential decay
various data to computEy-uy(T) at a constant tempera- with depth. For H diffusion in SSC poly-$Figs. 1, 2, 5, and
ture. In Fig. 15F,-uy at T=350 °C is plotted as a function 6), N; is found to be about 5-810'® cm~3. The exponen-
of the H concentration. For SSC poly-$,,-u4(350°C  tial slopex,, which represents the mean free path between
changes about 0.2 eV when the H concentration is increasdtapping events, is given by
above the mid-18-cm~2 level to about 18 cm 3. On the
other hand, LPCVD-grown poly-Si shows only a small _ 1
change ofEy-uy with increasing H concentration. Even at Xo—m (10
low H concentrations, hydrogen diffusion is dominated by
shallow states rather than the deep states appearing with r, as the capture radius. From the observed value of
LPCVD-grown poly-Si. At low H concentrations there is a Xo,~24 nm the capture radius computesrig=0.034 nm,
clear difference between H diffusion in LPCVD-grown and which is similar to that reported foa-Si:H.** On the other
solid-state crystallized poly-Si. hand, for LPCVD-grown poly-Si, the mean free pathis 75
A summary of the density of states information obtainednm, a value that is roughly three times larger than for SSC
in this section is presented in Fig. 13. The deep traps arpoly-Si. The trap density in LPCVD-grown poly-Si, how-
present in appreciable concentrations only in SSC poly-Sever, is difficult to determine because no clear demarcation
and not in LPCVD-grown poly-Si. The deep traps are locatecbetween exponential and erfc decay of the D concentration is
roughly 1.5-1.7 eV below the transport le\&|,. The hy- observed. The trap concentration is either very small or very
drogen chemical potential resides about 1.2—1.3 eV belovarge if each trap has a very small effective capture radius.
Ewm - The hydrogen chemical potential does move about 0.Zhis absence of a deep trap signature in LPCVD grown

C. Spatial concentration profiles
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poly-Si is consistent with the low activation energy for layer
diffusion discussed in Sec. IV B. A small increase in the H (a)
concentration greatly enhances diffusion when the trap den-
sity is low. Therefore, the density of sites with energies near
the hydrogen chemical potential must be small suggesting
that there are few traps in the LPCVD-grown poly-Si.

D. Time dependence of diffusion

The dependence of the effective diffusion coefficient on (b)
hydrogenation time presented in Fig. 4 suggests that relax- —
ation times occur on time scales comparable to the experi- — L
mental times. The time dependence of H diffusion is quite ap " Z
similar to that observed for H diffusion in amorphous silicon, e
as reported in Refs. 18 and 27. The power-law behavior in —
time is characteristic of exponential distributions of energy ]
barriers for relaxation processes occurring during the diffu-
sion process. These exponential distributions are quite gen- 0 Depth >~

erally observed in any material where the width of the dis-
tribution of energy barriers k(Ty) is broad compared to _ o _ N
kT,, where Ty is the hydrogenation or substrate FIG. 16. Deuterium distribution in polycrystalline silicon as-
temperatur@® The dispersion parameter is related to the ~SUMing that(a) the diffusion lengthx, is small or(b) large com-
ratio of the substrate-temperature disorder to the barrier dig2ared to the average grain radius
order by the relationa=1—T/T,=1-.2%% Fitting the o
data in Fig. 4 to Eq(3), we find thatT,~830+50 K. Thus H-trapping sites. On the_other hand, t_he long mean _free path
the energetic disorder is characteristic of a temperatur@ LPCVD-grown poly-Si compared with the grain diameter
slightly below the crystallization temperature. suggests that if traps are associated with the grain boundary,
The energetic barriers may reflect H redistribution withinthey are either in low concentrations or the H is guided away
a fixed density of binding sites, or redistribution of the from the grain boundary in LPCVD-grown polycrystalline
silicon-hydrogen network in response to the altered H consilicon. In the latter case each column acts like a diffusion
centration. One example of the latter is the evolution of the?i®- We can also conclude that the point defect traps occur-
H cluster-size distribution. As hydrogenation proceeds, théing in SSC poly-Si are absent in LPCVD-grown material.
small clusters formed at short times are unstable to the forclearly a large-scale systematic investigation of H mean free
mation of larger clusters. The time scale for a cluster of sizéath as a function of crystallite size, structure, and orienta-

N to disappear to be incorporated in a larger cluster is abod{on would help to elucidate the connection between H traps
N times longer than the time for a single H to diffuse from @1d grain boundaries. These preliminary results suggest the
the small cluster to the neighboring larger clusférs. rglatllonshlp between traps and grain boundaries is not
simple.

One promising idea is that the H traps around 1.5 eV arise
from clustered H. Whenever the H concentration is large

The microscopic origin of the traps is difficult to deter- enough for clusters to exist, the effective diffusion will be
mine. The density of traps in SSC poly-Si is within a factor controlled by trapping and release from such clusters. In low
of 3 of the number of spins in the material. One might ex-concentration diffusion and at low temperatures, the cluster-
pect, therefore, that the H is trapping at dangling-bond sitessize distribution and therefore the trap energy and concentra-
While this trapping is energetically favorable and undoubt-tion remain roughly fixed. The profiles exhibit trapping, and
edly occurs, the H concentration necessary to passivate thkee H concentration would not be directly connected to the
dangling bonds greatly exceeds the number of Si danglingeduction of spins. At higher temperatures and concentra-
bonds by a factor of 50 or mofeTherefore, the dangling- tions, the cluster-size distribution changes during the experi-
bond sites must be competing with other more numerousnent, giving rise to changes in the trap density and time-
sites for the H. dependent changes in the diffusion. The shallow sites

Another interesting fact to note is the relationship be-represent strong and slightly strained Si-Si bond-center sites.
tween the mean free pathg and the grain size. In SSC In this case one would expect that hydrogenated platelets do
material, the mean free path x§=24 nm is small compared not form in LPCVD-grown poly-Si, or that these sites are not
to the grain size of 120 nm; while for LPCVD-grown poly- accessible to migrating hydrogen. Although deuterium depth
Si, the mean free path is 75 nm compared to the grain colprofiles show an accumulation of D in the surface which is
umn diameter of 15 nm. Normally, the mean free path wouldndicative of hydrogenated platelets, TEM micrographs did
be approximately equal to the grain size if the traps wereno exhibit platelets in LPCVD-grown poly-3i. This could
associated with grain boundariéBig. 16). In the case of be due to the limited resolution of the TEM technique which
SSC poly-Si with randomly oriented grains, the small mearcan only detect platelets exceeding 20 A in length. Hence
free path suggests that the traps are located within the intesmall platelets may still exist in the LPCVD-grown material.
rior of the grains. One could postulate various point defectS'he formation of platelets must compete with the population
such as vacancies, divacancies, and/or impurities as possildé strong and slightly strained Si-Si bond-center sites. The

E. Microscopic origins of H traps
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shallow states would dominate the H migration only whenlow levels for hydrogen trapping are about 0.5 eV below the
hydrogen is incorporated at concentrations higher than th&ransport level, while the deep-H traps reside about 1.5-1.7

deep-H trap densities. eV belowE,, . At lower H concentrationsy; was found to
depend markedly on the method used to prepare the poly-Si
V. SUMMARY samples, a result due in part to the dependence of crystallite

o o size on the deposition process. Clear evidence for deuterium
In summary, we have presented a detailed investigation 0geep traps was found only in the solid-state crystallized ma-
hydrogen/deuterium diffusion in solid-state crystallized anderja|. LPCVD-grown poly-Si displayed little evidence of

LPCVD-grown polycrystalline silicon. At high-D concentra- geep trapping, and exhibited enhanced D diffusion compared
tions the diffusion is dispersive depending on exposure timey, SSC poly-Si.

The dispersion is consistent with multiple trapping within a

distribution of barriers between transport sites. Our data can
be explained by a two-level model used to describe diffusion
in hydrogenated amorphous silicon. Applying this model, in- This work was supported in part by NREL. One of the

formation abut the H density-of-states distribution was ob-authors, N.H.N., is also pleased to acknowledge partial sup-
tained. The hydrogen chemical potentia), was found to port from the Alexander von Humboldt Foundation, Federal

reside about 1.2—-1.3 eV below the migration saddle poinRepublic of Germany. The SIMS measurements were per-
Ewm - wy moves about 0.2 eV in response to changes in the Hormed at the Materials Analysis Group of Philips in Sunny-

concentration from 10 to mid-10°* cm~3. On the other vale, CA, and at Charles Evans & Associates in Redwood
hand, as the temperature increases,decreases. The shal- City, CA.
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