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Photoconductive analysis of defect density of hydrogenated amorphous silicon
during room-temperature plasma posthydrogenation, light soaking, and thermal annealing
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The photoconductivitfoy,y) of thin (<1000 A hydrogenated amorphous silicon filrtes-Si:H) was mea-
sured as a function of time to monitor the defect density during remote inductively coupled pl&ha
posthydrogenation at room temperature, light soakjmgrformed both before and after posthydrogenation
and isothermal annealin@performed after posthydrogenation and light soakirand fitted to a stretched
exponential curve. A decrease ofy,(t) during posthydrogenation at room temperature was observed and
related to the breaking of Si-Si weak bonds by individual hydrogen atoms. Upon thermal annealing, the initial
equilibrium defect density was recovered. The stretched exponential paramgedersr of op(t) were the
same for the isothermal anneals performed after light soaking and after plasma posthydrogenation, indicating
that the defects introduced in both cases were of similar nature. The stretched exponential paeareters
of oy(t) were also the same for the light soaking before and after plasma posthydrogenation, suggesting that
posthydrogenation did not alter the susceptibility of the material to light-induced degradatoid samples
deposited by remote ICP, hot-wire, and rf glow discharge were studied. The increase of hydrogen concentration
in the samples during posthydrogenation was measured by infrared spectroscopy.

I. INTRODUCTION deposition growth and atomic H treatment from a hot tung-
sten filament? In addition, Nickel and Jackson found that an
Optical excitation(light soaking and carrier injection cre- increase in Si-kD) bond density up to 8107 cm 3,
ate Si dangling bonds in the band gap of hydrogenated amoachieved by submitting tha-Si:H film to a deuterium mi-
phous silicon(a-Si:H), which act as efficient recombination crowave plasma at 350 °C, did not alter the defect density in
centers and deep trapsThis metastability has adverse ef- the annealed state, the Urbach energy nor the metastable de-
fects on the performance &-Si:H devices such as solar fect creatiorf. In both studies, these results were interpreted
cells and thin-film transistors. Annealing at temperatures ofs evidence that the hydrogen enters the sample in pairs, and
150-250 °C returns the material to its equilibrium sfate. that each broken Si-Si bond forms two Si-H bonds with a
Metastability in a-Si:H is related to the conversion of much higher probability than the breaking of a second Si-Si
strained Si-Si bonds in the exponential band tails into danbond.
gling bonds. The motion of hydrogen atoms, which can in- Bonded hydrogen ira-Si:H was shown by NMR to be
sert themselves into weak Si-Si bonds converting them intalistributed in a dilute phase of spatially isolated protons and
Si-H bonds and dangling bonds, has been associated withphase of clusters of approximately six protéh&afar and
this process. Schiff proposed a model in which weak Si-Si bonds on the
In order to study the role of hydrogen in the metastabilitysurface of microvoids are the unhydrogenated precursors of
of a-Si:H, Nickel and Jackson used posthydrogenation as the clustered phasé!® Since placing the first hydrogen
method of increasing the hydrogen concentration in theatom in a weak bond involves breaking of the bond whereas
a-Si:H film while keeping a roughly fixed Si netwofkThe  placing a second hydrogen atom does not, the first hydrogen
hydrogen concentration can also be increased by varying thattached is postulated in their model to be more weakly
deposition conditions during film growth, but this may alsobound than the second. This model, in which these weak
result in a change of the Si netwdtR.In addition, the un-  Si-Si bonds preferentially bind hydrogen in pairs, is analo-
derstanding of the improved stability @-Si:H films ob-  gous to a negative} model for electronic defectavhereU
served after hydrogen plasma treatmfeof, the effects of s the correlation energy*
hydrogen plasma treatment on the properties of polycrystal- In both the experiments of Nickel and Jacké@md An
line silicon, and of the properties of amorphous and micro-et al,*° the posthydrogenation treatment was performed at
crystalline silicon films prepared using the layer-by-layertemperatures above the equilibration temperatura-8i:H.
deposition techniqfe can also gain from posthydrogenation This results in simultaneous thermal annealing and posthy-
studies. drogenation. In this paper, posthydrogenation is performed
An et al. showed that as many as<20?! cm 2 of addi-  ona-Si:H films with thicknesses below 10004 room tem-
tional H atoms can be incorporated in Si-H bonds withoutperature In this case, an increase in the defect density of the
increasing the deep defect density at a substrate temperatueSi:H upon hydrogen incorporation is found that can be
of 250 °C by alternating plasma-enhanced chemical vapoiully annealed above 130 °C. The kinetics of the annealing of
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TABLE I. Sample properties and deposition conditioisSample thicknes€ , = Tauc’s bandgapB,,.: B factor of Tauc's gapiy:
dark conductivity at 298 K, activation energy o0&y in the range 0-100 °Gr,y,: photoconductivity at generation raBe= 10?tcm3st

(uniformly absorbed light . exponent of conductivityoy,=G?); sccm: cubic centimeter per minute at STP.

Flux  Flux
d  Eqauc Brauc ay Eact Oph Pressure Tqpstrate SiHa H, Distance
Sample (um) (€V) (cmeV ™2 @Qcm™ ev) @cm™t vy (Torr) (°C)  (sccm (sccm)  (cm)
MG18 0.10 1.79 1023  6.9510 7 0.60 9.9810°2 0.76 Remote rf 4.3x10°2 250 2 100 8.5
power=350 W
MG19 0.20 1.74 744 2.3610°° 0.50 9.50<107° 0.64 Remote rf 4.2x107% 250 2 100 9.0
power=300 W
MG20 0.047 2.36 1366  3.6910 M 0.70 4.48&%10 7 0.93 Remote rf 4.3x10°2 250 6 94 9.0
power=200 W
MG22 0.08 2.13 930 2.7610° 0.75 4.0%10° 0.66 Remote rf 471072 250 6 92 12
power=150 W
1IS175 0.10 1.70 684 3.3810°1° 0.85 6.26<107° 0.78 Hot wire 8 x10t 220 20 20 3
Tiilamen=1200 °C
S366 0.08 1.69 969  3.8510 ° 0.96 6.3%10°° 0.61 rf 1 x10* 200 10 0 3
power=10 W
defects created by posthydrogenation and light soaking arexponential ~— curve®  op(t) "= 0pn(®0) [ o)
compared, as well as the kinetics of light soaking before and- crph(O)‘l]exr[—(t/T)B]. r and B were extractetf from a
after the sample was submitted to posthydrogenation. linear regression of In [, (t) "= opn(e2) Y/
[0ph(0) = ap() 1] vs Int. White light from a tungsten-
Il EXPERIMENT halogen lamp was Hsed wit.h a gener_ation ajef aPproxi-
mately 18° cm™3s™%. oy, is proportional to {,) ' and
A. Sample preparation and characterization (Nga) Y7, whereN, is the number of recombination centers,

a-Si:H samples prepared using three different chemicalNad 1S the number of deep defelrg:ts, and théacto_r is t_he
vapor depositiofCVD) techniques were studied: standard rf dependence afy,,on G (aphG?).”" Hence measuringy, is
glow discharge, hot-filamentHFCVD) and remote induc- a convenler_lt way pf following the evolution of the deep
tively coupled rf glow dischargdICP). Table | indicates defect density ire-Si:H.
typical deposition conditions and typical optical and elec-
tronic properties of the samples used in this study. In
HFCVD four 16-cm-long, 0.25-mm-diam tungsten wire fila- Each sample was submitted sequentially to a series of
ments were used. In ICP, the hydrogen was introduced in postdeposition treatmentsi) after deposition, the sample
ceramic discharge chamber surrounded by the inductivevas annealed fal d at 170 °Qthe purpose of this annealing
coils, while the silane was introduced through a showerheadas to ensure the removal of deposition-induced metastable
in the main deposition chamber. In Table I, the distance indefects, and also to provide a comparable starting point,
dicated for ICP corresponds to the distance between the irsince in some samples more than one sequence of postdepo-
ductive discharge chamber and the substf#ties distance sition treatments was performedii) the sample was then
was also kept during the hydrogen plasma treatimevitile  light soaked(this was to assess its susceptibility to light-
in HFCVD it corresponds to the distance between the filainduced degradation in the annealed statié ) the sample
ment and the substrate and in rf glow discharge to the diswas subsequently annealed in order to study the kinetics of
tance between the powered electro@mthode and the the removal of light-induced defectfy) the next step was
grounded substrate electrodanode. a-Si:H samples pre- the exposure of the sample to a hydrogen ICP plagma;
pared with different deposition techniques were used tdhis was followed by an isothermal anneal in order to study
verify if the observed effects of posthydrogenation dependethe kinetics of the removal of the hydrogen-plasma-created
on preparation technique. defects;(vi) a second light soaking was performed to assess

The sample characterization shown in Table | was perif the exposure to the hydrogen plasma had any conse-
formedex situ MG20, MG22, 1IS175, and S366 show values quences in the susceptibility of the sample to light-induced
of dark conductivity,oy, activation energyE ., and photo- degradation;(vii) finally, an isothermal anneal was per-
conductivity, oy, typical of a-Si:H samples. The higher; ~ formed to study the kinetics of the removal of the light-
and lowerE,, of MG18 and MG19 indicate the onset of induced defects after the sample had been submitted to a
microcrystallization(although the grain size was too small to hydrogen plasma. Figure 1 illustrates typical valuesgt)
be easily seen using Raman spectroscopy or x-ray diffrador the experimental sequence described above. For the
tion). Each sample was subjected to a series of annealingamples MG18, MG19, and MG20, the experimental se-
light-soaking, and plasma degradation treatments performeguence described above was performed both immediately af-
in vacuum, which are described in the next section. Duringer deposition without breaking vacuum and after exposure
these treatmentsy,, was monitored in vacuum as a function to the atmosphere. No difference was found between the two
of time. In general, ther,(t) curves fit well to a stretched conditions.

B. Experimental sequence
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108

- Light Soak 2 Anneaing ¢ FIG. 1. Steady-state photoconductivity
107 - | e (G=10" cm3s™%) of a-Si:H as a function of

Annealing 1

time. The experimental sequence followed for

iy ' X ' Annealing 2 this samplgMG22) is indicated in the inset. The
§ Light Saak 1 lines are fits to a stretched exponential curwg,
T 9 - was measured at the annealing temperature dur-
° H plasma Ex@rlr.n'enhl sequence: . th i | d at t t
3 degradation -Deposition ing the annealing cycles and at room-temperature
™ -Av":agnggmcﬂdav during light soaking and posthydrogenation. The
:,'}:fn;a,ﬁ,aw 130°C discontinuities between the values of the de-
10 1 | - H plasma degradation, 200 W gradedoy,, and those ofoy, at short annealing
- Annealing 2, 130 °C times are due to the annealing that occurred dur-
- Light Soak 2 . . .
MG22 - Annealing 3, 130 °C ing the time it took to heat _the sample from room
10+10 . temperature to the annealing temperature.

100 10" 102 108 104 105 100 10' 102 108 104 105 106
t(s)

. RESULTS hydrogen plasma while protected by either a quartz or a glass
cup that isolated the sample from the plasma, but not from
Table Il shows the average values of the stretched expdhe radiation. In both cases, only a slight light-soaking effect
nential parametergd and 7 for the fits of ay,(t) for all (corresponding toG=<10'® cm 2 s1) was observed. This
samples. Also indicated is the number of experiments froneffect was clearly distinguishable from that of the hydrogen
which the average8 and = were derived. Light soaking plasma exposure, since Table Il shows that the characteristic
shows aB~1, both before and after plasma posthydrogenatime for oy, degradation by posthydrogenation is about one
tion. The characteristic time (which depends both on the order of magnitude faster than that for light soaking at
mechanism of defect creation, and on the light intensityG~10" cm 3s™% It is thus possible to conclude that the
used is also the same for light soaking before and afterobserved decrease i, when the film is exposed to a re-
plasma degradation. Hydrogen plasma degradation occursote inductively coupled hydrogen plasma is not light in-
with a smaller average value gf(~0.85 than light-soaking duced.
degradation, but the values overlap if the error bars are taken The incorporation of hydrogen during exposure to the
into account. Sincer is dependent both on mechanism andplasma was studied using infrared spectroscopy. Table Il
on power, it cannot be directly used to compare differentshows the integrated infrared absorption of the Si-H bending
defect-creating processes. Annealing of the light-induced desentered around 670 crhwhich is proportional to the total
fects and the plasma-induced defects occur with comparableydrogen content in the sampf&? Although these num-
values of 8 and  (respectively~0.5 and 18 s). This is an  bers carry significant uncertainty due to the thinness of the
indication that the defects created by light soaking and exsamples, it is possible to conclude from Table Il that expo-
posure to a hydrogen plasma are of the same nature. sure to the ICP hydrogen plasma increases the sample hydro-
One experimental concern was that the light emissiorgen content.
from the hydrogen plasma could be responsible for the de- It has been a concern in previous posthydrogenation stud-
crease ino,, observed during posthydrogenation. In order toies that the shallow-trap dominated diffusion coefficient
verify if this was the case, the sample was exposed to thehould be high enough to ensure a relatively uniform H pen-
etration throughout the filfi®1° Diffusion coefficients

TABLE II. Stretched exponential parameters of photoconductiv-=>2X10*° cm™?s™* at 250 °C have been measured under
ity. conditions of posthydrogenatidf:'° These values are sig-
nificantly higher than those for thermal diffusion of H in
Experiment N  Bros Inttoeg, (DS undopeda-Si:H (=101 cn? s71) at the same temperatufe.

- e A strong reduction of the diffusion coefficient for posthydro-
Light soak 18 102023 543044 271 genation experiments performed at room temperature is ex-
Plasma degradation 19 0:88.20 4.170.87 1.48&10'  pected due to the activation energy faété#but the forma-

f*”r:‘ea””l? after 13 0.46:0.16 3.67:0.86 4.64:10°  {ion of a hydrogenated layer on the surface of the sample is
ight soa

Annealing after 10 0.52:0.15 3.270.92 1.8710°

olasma degradati TABLE lll. Infrared integrated absorptio(Si-H bending.
ion

Light soak before 5 1.09:0.30 5.65-0.47 4.52:10° Area before H Area after H

any plasma Sample plasma plasma % increase
degradation

Light soak after 8 0.93-0.18 5.33-0.38 2.16-:10° MG22 (remote rf 174 846 386
first plasma 1S175 (hot wire) 608 730 20

degradation S366(rf) 971 1298 34
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still expected due to hydrogen impact and diffusion by veryening of the Urbach tail is expected and, if the sample is
shallow trap€? The hydrogenation of the sample is con- equilibrated by annealing above the defect freeze-in tempera-
firmed by the infrared measurements and is probably conture, a lower defect density would also be expected. How-
fined to a shallow layer on the sample surface. As long as thever, upon posthydrogenation at 350 (Refs. 1 and 2Bor
diffusion Iength of the carriere%1000 Ain a-Si:H) is com- after consecutive posthydrogenation and anneamj{gs
parable to the thickness of the sample, the photogenerategork) a reduction of the deep defect densityr, equiva-
carriers will probe any deep defects induced by room4ently, an increase i) was not observed. To explain this
temperature posthydrogenation, which will thus control thespseryation, it was suggested that the additional H atoms are
value ofoy,,. The same sequence of light soaking, annealing,ccommodated in pairr in clusters, which requires that
and posthydrogenation described above has also been P&%5ch broken Si-Si bond forms two Si-H bonds with a very
formed on thicker samples=2000 .'89' In this case, plasma high probability*1%123*These negativé} configurations are
posthydrogenation caused negligible degradationjniand expected, if the H concentration in these paired configura-

;c_he main _contrlbutlon to the degradation ef, came from tions is high enough, to pin the hydrogen chemical potential
ight soaking. .

and freeze the number of deep defects, in good agreement
with the experimental results. In this case, instead of reaction
(3) for the annealing of the deep defects, reactinwould

When hydrogen is introduced &Si:H the most energeti- be more likely:

cally favorable bonds for it to break are the10?® cm™3
weak Si-Si bond§.An increase in the hydrogen concentra-
tion in the sample will tend to increase the hydrogen chemi- 2(Si-H-D)—2(Si-H|Si-H) + (Si-Si)yeak (4
cal potential,u,. This favors the following reaction of the
weak Si-Si bonds near or belowy, :?3

IV. DISCUSSION

The (Si-H|Si-H) represents the clustered form of hydrogen.
H+(Si-Si)year— Si-H+D—. (1 Note that reactior{4) is the inverse reaction of the reaction

. . . roposed by Zhangt al. for the mechanism of light-induced
H corresponds .to the gnergeﬂc atomic hydrogen supplied bgegradation, in which carriers, whether electrons or h@es
the plasma. This reaction creates a strong Si-H bond and "’bnoth) localize on the clustered hydrogenHcomplex, caus-
isolated dangling bon(D-). When the posthydrogenation is '

performed at room temperature, the dangling bonds created? it to dissociaté?” According to this mechanism, once dis

in reaction(1) are frozen-in. This results in an increase of thesou_ated, t_he_lsolated H a'_[oms v_vould_become trapped at

density of deep defects upon exposure to the posthydrogengirained Si-Si bonds creating spin-active midgap defects.

tion plasma that is responsible for the drop in photoconducd NiS mechanism, like the one described by react®nalso

tivity observed(Fig. 1 and Table . The stretched exponen- Strongly suggests that the states created by posthydrogena-
tial behavior results from the distribution of weak-bond fion and light-induced annealing are the same, in good agree-

energies available for hydrogenation. ment with the eXperimental results for the annealing of these
Upon thermal annealing, the dangling bonds become maodefects.
bile and are able to diffuse, for example, from skdo site The results shown in Table Il also show that there is no
B, through a mechanism of bond switching indicated in rechange in the light-induced defect creation kinetics upon
action (2):%4 posthydrogenation. This result suggests that the chemical po-
tential remains constant upon hydrogenation. A shift up of
(D=)at (Si-H)g—(Si-H)a+(D-)g.- (2)  the chemical potential, with resulting rearrangement of the

ai02ap states distribution would be expected to affect the kinet-

Eventually, two dangling bonds may meet and reform a we . . }
vertuaty, giing Y W rcs of light-induced defect creatidri.

bond. A possible mechanism for this to occur is indicated i
reaction(3):

Si-H—D+D——Si-H+(Si+ Si)yeak (3) V. CONCLUSIONS

The intimate Si-H-D complex is expected to occur fre- The results presented are in good general agreement with
quently ina-Si:H. Reaction(3) is the inverse reaction to that those of Nickel and Jacksbrand Anet al,'* in that after
which is often encountered in the literature as the equatioposthydrogenation and anneal the H concentration in the film
that describes the microscopic mechanism for light-inducedghows a significant increag@able Ill) but no change in the
degradatiorf>?® The observatior{Table Il) that the anneal- defect density is observed. In addition, this work shows that
ing of light-induced defects and posthydrogenation-inducedvhen posthydrogenation is performed below equilibration
defects show the same kinetics strongly suggests that the twemperature the defect density follows a stretched exponen-
processes share the same underlying microscopic mechaal increase with increasing posthydrogenation time and that
nism. a subsequent annealing is necessary to achieve equilibration.
One difficulty with the simple picture described above isThe increase in defects observed during posthydrogenation
that since, upon incorporation of Hy, is expected to in- suggests that atomic hydrogen is introduced in the sample
crease, the Si-H concentration should increase at the expenset in pairs but as uncorrelated isolated atoms and the result-
of the weak Si-Si bond concentration, thus allowing theing defects from their interaction with the weak Si-Si bonds
amorphous network to relé%-2°As a consequence, a sharp- can be frozen-in. The proposed clustering of H in negative-
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defects can only occur after annealing of the sample uponnderstand the details of the interaction of the hydrogen

equilibration of the structure.

plasma with the film surface.

Room-temperature posthydrogenation treatments can give

insight into the details of hydrogen incorporation and reac-

tivity in a-Si:H. In order to develop this study further, one
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