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Light-induced changes in the gap states above midgap of hydrogenated
amorphous silicon
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The energy dependence of the capture coefficients and the density of Bl@®sabove midgap of
hydrogenated amorphous silicda-Si:H) in annealed and light exposed states are examined by
modulated photocurrent experiments. In the annealed and light exposed states, the electrons are
found to interact with two different kinds of gap states through trapping and thermal release. The
densities of both gap state distributions at trap depths shallower than 0.67 eV below the conduction
band decrease rapidly during the initial stage of light degradation. The DOS of the annealed and
light exposed states are found to cross at about 0.67 eV. In addition, a parallel increase in the
capture coefficients of the gap states at trap depths lower than 0.67 eV is observed indicating a
light-induced disorder. The above behavior is explained with the conversion of strained Si—Si and
Si—-H-Si bonds, which become highly strained during illumination, into dangling bonds near
midgap. ©2005 American Institute of Physid®Ol: 10.1063/1.1823021

I. INTRODUCTION is the structural disorder that is first induced while breaking
of highly strained bonds follows. Such a light-induced disor-
Degradation of the photoelectric properties of hydrogender, which is caused by structural changes in many lattice
ated amorphous silicofa-Si:H) upon exposure to a strong cjtes exceeding the density of the dangling bonds, was later
visible light has remained for many years an unresolvetonfirmed by different experiment&:*3
problem. It is of fundamental importance to understand the  Recently, we have applied our improved analysis of the
origin of this phenomenon, which was originally observed aspc (Ref. 14 to the respective MPC spectra afSi: H

a mete}stable decay in both the photocurrent and darkims prepared in different laboratories. From this analysis,
current. The photocurrent degradation is thought to arisey o distinct gap state distributiorBY(E) and D%(E) above

from the creatio.n .Of metas'FabIe- dangling bonds,. which is'midgap were commonly deduced having different ratios of
also a characteristic of the light-induced degradation. Thes

danaling bonds are expected to red the lifetim fhe capture coefficients to the carriers mobility/ » and
anging bonds are expected fo reduce ne AeMe Of2; 15 However, we have not examined the capture coeffi-
carriers; limiting the performance of solar cells based @n

-Si:H. However, a good correlation between the defect cregIentS Cy and c, at various trap depths and the respective

ation and photocurrent dechy or solar cells performange light-induced changes. In this article, the MPC data mea-

was not always observed, raising questions whether the dar%yreOI using various bias light levels in annealed and light

gling bond creation is the principal problem of the light- ex%osed stfat(;-s are analyzefd. Thgﬁwﬂl pr(l)(\_/lc(ije afmore clear
induced degradation. Particularly, at the beginning of IightevI ence of the existence of two different kinds of gap state

exposure a photocurrent decay was observed that was ngiLstributions above midgap, the energy dependence of the

always followed by a concomitant metastable defect crecapture coefficients and the respective light-induced changes.

ation. We concentrate on the initial stage of the light degradation

It is generally assumed that the capture coefficient of th&vhere structural changes are taking place without an appar-
gap states and the m0b|||ty of carriers remain essentia”y unent defect creation. A relatively low ||ght intenSity was used
changed after light irradiation. However, we have observed #r the light soaking(LS) in order to induce a gradual deg-
metastable light-induced increase in the ratigu of the radation of the film properties and to record the induced
effective capture coefficiert, to the mobility of carrierse ~ changes in detail. The two gap state distributi@¢E) and
from the modulated photocurredPC) measurements, sug- D?(E) above midgap are manifested not only in tetate,
gesting an increase iy, and/or a decay in.>’ Both a car-  but also in the light exposed states. The absolute magnitude
riers mobility decay and an increase in the capture coefficientf each gap state distribution and the energy dependence of
of the gap states have been later reported by othehe respective capture coefficients are extracted from the
experiment$® and may arise from an enhancement of theanalysis of the experimental spectra of the imaginary term of
structural disorder. the MPC. The densities of the shallower gap states decrease

The light-induced increase in the effective ratigfu  during the initial stage of LS, while the respective ratios
was found to take place before dangling bond creationel/,, andc?/ u increase. Our results are compared with those
Based on this observation, we have earlier propdsieat it reported by other authors and the microscopic mechanism
that is compatible with the light-induced changes is dis-
¥Electronic mail: pkounavis@des.upatras.gr cussed.
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Il. EXPERIMENTAL DETAILS

The a-Si:H undoped films were deposited at a substrate
temperature of 250 °C by the conventional rf-glow discharge
technique at the Energy Conversion Devices. Before LS the
samples were annealed at 185 °C for about 2 h and the an-
nealed(A) state was obtained. For the dark current and pho-
tocurrent measurements Al electrodes in coplanar configura- A
tion were evaporated on the top of the films. A red light of
about 10 mW/crafrom light emitted diodeg$LED’s) with a
maximum output at about 660 nm was used for the light
irradiation. The photocurrent and dark current measurements
and the LS were carried out under vacuum at about room
temperaturg293 K).

The MPC measurements were recorded by employing
the frequency resolved spectroscopy to extract the character-
istics of the gap states above middap® In this technique,
two red LED's (also peaked at 660 nnwere used for the _ o _ _
modulated probe and constantbiag band gap light, respec- :i:gl,ﬁf igpixs‘éﬁ”gaetlti'd{;ﬁge'gﬂzﬁ gg (mp;::n;fg g(fi:;.eéaféitlgug‘éaéf?encii\?e

tively. The phase ShiW’ and ff‘r_np"tUde of th_e MPG,c were  irapping rates 14, 1/72 (dashed lineginto two different kinds of gap state
measured by a lock-in amplifier as a function of the angulauistributions and total effective trapping ratesri# 1/72 (solid lineg giving

modulation frequencyw of the probe light, using various the bestfi_tt_o the exper?mental spzectra are also included. Arrows indicate the
bias light intensitied. From these measurements, the imagj-characteristic frequencies and oy

nary Y term of the MPC is obtained by means of

=ueGAL(sin ¢/i,), where u is the mobility of the elec- over that of holes with the respective gap states below mid-
trons, e the electronic charges,. the amplitude of the alter- gap. In this case, the spectrabterm represent the sum of
nating generation rate the conduction cross sectional areaall the effective trapping rates % of electrond*

of the specimen, anél the applied electric field. From thé 1 _ o

term, the absolute DOS of each probed gap state distribution Y= 2, == > Hi(w,0)ciD'(E! KT. (1)
D(E) and the ratiost,/w of the respective capture coeffi- T

cients to the carriers mobility are simultaneously |, the above equation ea®i(E!) is the probed distribution

4-16
extractg& _ above midgapE', is the respective probe energy level de-
Optical absorption measurements were employed by Usineq by

ing the constant photocurrent methe@PM) (Ref. 17 in
order to obtain complementary information about the density
of the gap states below midgap. A monochromator and a

[w2+ (wit)2]1/2’
halogen lamp were used for the CPM measurements. The

o o .
relative values of the subgap absorption from the CPM werd/herew=nc; is the characteristic frequencg, the capture
fited on the absolute values of the absorptidn coefficient for electronsn the density of free electron&T

P . .
>10*cmY) extracted by optical transmission measure-1€ thermal energy, anic= 107" cmi the effective density
ments. of states at the mobility edge where the zero of the energy

The samples were first measured in thstate and sub- scale was taken. Eadhi(“”wit) function, hereafteH' func-

sequently in the light exposed states obtained by successifi@" S given by

LS steps. The highest light intensity used for the optical bias . i 2 wi
was about X 10 cm2 st in order to prevent light-induced H'(w,0) =1~ —arctan -
instabilities during the photocurrent measurements. Finally,

the samples after the LS cycle were thermally annealed and@nd determines the effective contribution of each probed gap
measured again in order to examine the annihilation of thétate distributiorD'(E;) to the Y term.

metastable phenomena and to check whether they are revers- Figures 2 and 3 show the characteristic behavior oftthe

Y Y

CinNc

E =kTIn (2)

3

w

ible. spectra upon increasing the bias light intensity. At higher
frequenciesy is independent of the bias light intensity and
IIl. RESULTS AND ANALYSIS this characterizes the emission-limited regime. This regime

takes place forw> wit, where evenyH' function is equal to
unity. So the gap states at every probe energy |Eyehave
Figure Xa) presents the imaginaty term of the MPC of the maximum effective contribution to thé term. This is
the A state as a function of the modulation frequeneyA  because the time window corresponding to the modulation
typical example ofY spectrum in a light exposed state is period equals the thermal emission time of electrons from
presented in Fig.(b). These spectra are analyzed by assumeachE,, level, namely,T=27/ w=2x/€|(E,), where€(E,)
ing that the interaction of electrons with the gap states abovis the thermal emission rate from tBe, level. Therefore the
midgap through trapping and thermal release predominatesntribution of the probed gap states at e&¢hevel to the

A. The probed defect states
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FIG. 2. Experimental imaginary term (point9 obtained with various bias w® 3

light intensities. Solid circles, open triangles, and solid diamonds are the '10.2 o’ 10 10*

experimental data for a bias light intensity kKQ0"cm?s™?, 3.6
X102 cm?s™, and 4.6< 10" cm?s™Y, respectively. Calculated effective
trapping rates 11%, llfﬁ (dashed linesand total effective trapping rates
1/7+1/7 (solid lineg that give the best fit to the experimental spectra are
also included.

o

FIG. 4. (a) Calculated imaginary spectra by considering a DOS with two
Gaussian gap state distributions and the same capture coefficient. Curve 0
corresponds to aRy, level near midgathick solid line), while curves 1-4
correspond to four shallowek,, levels respectivelythin solid lineg. (b)

. . Evolution of the probe energf, level as a function of the modulation
out-of-phase component of the MPC and to the imaginaryrequencyw, each plateau at lowes indicates the respectivé, level.

term due to the thermal interaction of electrons is maximum
(H'=1). By changing the modulation frequency far> w),

all the probe energy IeveIEiw shift at different energies _ | g St
above the trap quasi-Fermi level of electrdfs and they ~ Pution D(E) is probed, theY term in the trapping-limited

term reflects the DOS distribution in the frequency domain@gime is related only to the respectideE,,) at theky, level
that predominates electron trapping. and not to the deeper DOS, as it was usually assumed in the

. 19 . . . .
At lower frequencies, all the spectra illustrated in thean"inSIS of other authors: Upon increasing the bias light

Figs. 2 and 3 represent a decay¥ofwhich shifts to higher level, theE,, level shifts to shallower states while the char-

frequencies upon increasing the bias light level. This behav‘:J‘CteriStiC frequencyp, shifts to higher f_requencies. Thus the
ior is characteristic of the trapping-limited regime, which decay ofY starts to take place from higher frequencies than

takes place fow < w;. In this regime, the time window cor- thosg Wlt.h a Iower' bias light level. Th& term n the
) ) o trapping-limited regime(w<w,) of all the experimental
responding to the modulation period is larger than the ther- . . -
.S . . spectra of Figs. 1-3 is expected to have the characteristic
mal emission time from the respective probe energy level

which according to Eq(2) remains fixed at theE, level linear dependence with decreasing frequency due to the de-

P - i cay of H function. However, as is shown in Fig. 3, the ex-
(E,=~Ey), namely, T=2m/w>2m/€,(Ey,). Hence the elec- perimentalY spectra at lower frequencies are in strong dis-

trons trapped ak,, level have a larger available time during agreement with the expected linear decay Hoffunction
a modulation cycle for thermal emission compared 10 theghgyyn by the respective broken lines. Thepectra exhibit a
thermal emission time. Thus the effective contribution of theg4racteristic “stairlike” behavior with two steps taking place
respective probed distributidd'(E) to the out-of-phase com-  4; (o frequencies that differ by about 1-2 orders of magni-
ponent of the MPC and t& term is suppressed. This is {de. These steps were commonly manifested in all¥the
reflected in the decay dfl' function by decreasing. spectra of a-Si:H samples prepared at different
laboratories? Particularly, in some samples these two steps
do not overlap and appear more pronounced at well sepa-
rated characteristic frequencies that differ by more than two
orders of magnitudésee Figs. 4 and 6 of Ref. 15
One may argue that the above stairlike behavior may
arise from a structure in the DOS. If this is indeed the case,
then one should always observe this structure at the same
modulation frequencies independently of the bias light level.
However, as can be seen in Figs. 2 and 3 this is not observed.
The above predicted behavior of thé spectra is demon-
strated in detail using the simulat&dspectra of the example
o of Fig. 4@). In this example, two Gaussian gap state distri-
butions are considered to be probed having a maximum den-
FIG. 3. Experimental imaginary term (points of two relatively weak bias  sjty 1X 10*® eV"tcm™ and 3x 10 evtcm ™ at 0.42 eV
light intensities 5.8<10°° cms™* (open circles and 1.8<10" cm?s™ 54 55 @V respectively, below the conduction band. More-

(solid triangle$. Calculated decay of term assuming a single kind of gap S 8 -1 :
states(broken lines and total effective trapping rates 44 1/7 (solid ~ OVEr the same capture coefficieat=1x108 cm®s™ is

lines) that give the best fit to the experimental data. considered for both distributions. The effect of the bias light

By assuming that only a single kind of gap state distri-

Downloaded 14 Jan 2010 to 150.140.169.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



023707-4 P. Kounavis J. Appl. Phys. 97, 023707 (2005)

level is studied in the spectra 0—4 of Figayby shifting the 102 10° 100 10°
trap quasi-Fermi leveF,, at different energy levels. As far as o m?, lﬁ/z’ﬂ .
the E;, level is at deep energies, as in the spectra 0, 1, and 2 tSo

of Fig. 4(@), most of the frequencies correspond to the bias

—
(=]
3

as is demonstrated graphically in Figby Thus theE,, level
shifts between the two Gaussian probed gap state distribu-

light-independenty values and to the emission-limited re- ~ 107 3
gime (o> wy). In these spectra, the probe energy lekgl @ :.-"'
calculated from Eq(2) shifts to different energies above the = . .
respectiveE, level by changing the modulation frequency, > 107} ]
S e ]

tions. These two distributions generate a structure in the S 04 E'l—,
spectral shape of the calculatéd spectra, reflecting the \“—’/S E g’ > E|
structure of the DOS. The structure in the calculatespec- “m% 04 Z :, — )

tra resembles the stairlike structure of Figs. 1-3. However, T = "

107 10 10 10*

contrary to the experimental spectra, the structure in the cal- 0

culated spectra 0, 1, and 2 of Figajtappears always at the
same frequencies and remains unaffected by the shift of thec. 5. (s Calculated imaginary term by considering a DOS with two gap
Ein level. On the other hand, as is shown with the respectiv@tate distributions and two different capture coefficients for a trap quasi-
spectra 3 and 4 in Fig.(@, the structure in they spectrum I_:ermi level atEm=O.63_eV (solid line) an_d E_m=0.72 eV (dash_ed-dotted

dually di b hifti | | th h th line) below the conduction band. Arrows indicate the respective character-
gra_ ually disappears by shitting thﬁn evel throug _t € _ istic frequencieso;. (b) Evolution of the probe energy IevdE%, andEfu asa
region where the DOS structure from the two Gaussian diSfunction of » assuming the trap quasi-Fermi levelsEt=0.63 eV (solid
tributions appears. This behavior is observed because moétes andE;,=0.72 eV(dashed-dotted lings

of the frequencies now correspond to the trapping-limiting

regime (w<ay), whereE, is fixed atEy,. Thus theY term -5 151076 cm3s7L, respectively. The calculated spectra
reflects the linear decay to zero of thefunction instead of s Fig. 5(a) represent a clear stairlike behavior with a step at
the DOS structure. every characteristic frequenayl=nc, marked by the ar-

The behavior of the experimental spectra upon changingss. Every step iy spectra reflects the characteristic spec-
the bias light level is in strong disagreement with that of they | shape oH! function, which is a step function. The step
calculated spectra of Fig(a. First, the stairlike behavior of  axes place at the characteristic frequenkywhereas in the
Y term is observed in all the experimental spectra of FigStegion ofw< w| H' function decays linearly with decreasing
1-3 even in the spectra of Fig. 2 with the higher bias light,, “as is graphically demonstrated in Figap(dotted lines.
levels where the trap quasi-Fermi levels have been shifted &5 can pe seen in Fig(B), a given trap quasi-Fermi level of
shallower states. Second, the two steps do not remain fixed glectronsk,, corresponds to two different characteristic fre-
the same frequencies, but shift almost in parallel to h'ghefquencieSwtl and wtz for the DX(E) and DXE) distributions,
frequencies upon increasing the bias light letsgle Fig. 2 regpectively. By decreasing the frequency in the region of
This shift is observed even in the case where the bias Iigh&)<wt2, the probe energy leve2 remains fixed at th&,,
level is changing in the weakest light intensity regi@eee  |oye|. Thus theH? function and the effective trapping rate
Fig. 3. The qbqve observations rule out the possibility thatintg the D2(E) decays rapidly making apparent the effective
the c_haracteristlc spectrgl _shape of the experimérimtec- trapping rate into the othdd*(E) distribution with the lower
tra with the two steps originates from a structure in the gaRapture coefficient. Upon decreasing the bias light level, the
state distribution. E,, level shifts to deep energies and the two steps intthe

~As we have recently propo;ét'i.i,the Y spectra ofa  ghift in parallel to low frequenciesyl’ ande?’ in Fig. Xa).
-Si:H exhibit all the characteristics of that case where therys js qualitatively a very similar behavior to that observed
electrons interact with two different gap state d'St”bUt'O”SexperimentalIy(see Figs. 2 and)3and can be taken as a
D;(E) andD*(E) having different capture coefficienty and  manifestation that the decay W¥fat everyw! arises from the
.. The two steps indicate the two different CharaCte”S“Csuppression of the respective effective trapping rate], 1/
frequencie&;t1 and wf corresponding to the different capture :Hi(w1wit)cinDi(Ei )KT. It must be emphasized that we have
coefficientsw; =nc; and wf = nc;,. Namely, Y is given by observed two obvious steps in tMespectra, representing the

Y = HY(w, o)) CIDHELKT + HX(w, w?)C2DHELKT.  (4) ~ Same characteiistic behavior by chgnging the bigs light level

in all the examined undopeatSi:H films. These films have
The concept of two different kinds of probed gap states cameen deposited under different deposition conditions, such as
explain not only the spectral shape with the two steps of thearious substrate temperatures, interelectrode spacing, rf
Y spectra, but also the optical bias dependence of Figs. 2 ambwers, gas flow rates using either silane or disale with or
3. This is demonstrated by using the simulatédspectra  without H, He, Ar dilution etc.
shown in the example of Fig. 5. For simplicity, in our simu- As the probe energy level remains practically at Hyg
lations two uniform gap state distributions were consideredevel for w=< w; [see Fig. 8)], the absolute magnitude of the
to be probed above midgap with densiti®®(E)=1 Y term at aroundw; is practically determined from the
x10% cm3eVv! and DXE)=1x10®cm3eV! having probed DOSD'(E,), whereas the decay of at lower w is
different capture coefficients,ﬁ:6.3>< 10° cm3s?t and cﬁ governed by the decay of thd function. Thus, by adjusting
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< FIG. 7. Net decay of th¥ term(symbolg due to the decay dfl function as
" calculated from Eq(3) assuming a capture coefficient having an exponential
10 _AHA_ variationc,=cq exp(E/Ey) and the indicated characteristic enerdigs The
respective net decay of thé term calculated for an energy independent
10° 1600 min: capture coefficient is also included for comparigsalid lines.
0.5 0.6 0.7
EC-Etn V)

this is expected to have a minor effect Y providing that

FIG. 6. The extracted ratias}/ u (open trianglepandc?/ i (closed circles (€ €nergy dependence of the capture coefficients is not
as a function of th&,, level of theA state in(a) and two LS states obtained strong. This is demonstrated here with the aid of simulations.
with the ir_wdicatgd _iIIuniwinaition timesi ith) anld(c). Szolid lines representthe  The net decay oY term at lower frequencies from the decay
exponential variations,=Co exp(E/Eo) for ¢, andc;, of H function was calculated by using E) and consider-

ing an energy dependent capture coefficier,

the absolute values d*(Ey), DX(Ey), i, andof, the Y = exp(E/E,) with various characteristic energi&, The
spectra that give _the best fits to the experimental spectra atgy_-a|culated spectra are plotted in Fig(symbolg, along
calculated by using Eqg3) and (4). The so-calculated it those calculated assuming an energy independgnt
spectra(solid lineg of Figs. 1-3 make always a good fit t0 (jineg) for comparison. From this figure, it is evident that,

the respective experimental speotpmints. whenc, has a relatively weak exponential dependence with a
h fth fici characteristic energy in a region Bf=80 meV, which in-
En(;r DeOeSnergy dependence of the capture coefficients cludes both the observed valugsandE3, the calculated net

_ decay ofY term aroundw, is always practically very close to

The values ofw;, as determined above from the fit of the that obtained for an energy independent capture coefficient.
experimentalY spectra, are used to determine each ratio  Therefore, as long as the energy dependence,db
c,/ u of the capture coefficient of the probed gap states at theelatively weak, as in our case, then the respective dec¥y of
respective Ey, level to the carriers mobility using/u is not significantly affected by this dependence and our
=ew/ op, Whereay, is the dc photoconductivity. Upon chang- analysis can be safely applied to extract the ratjdg. As is
ing the bias light level, the two steps in tieterm and the also shown in Fig. 7, the calculated decayyadeviates from
respectivew; shift to different modulation frequencies and that found for an energy independent capture coefficient only
trap depths. In this way, information can be deduced aboufor the cases characterized by a steep energy dependence of

the energy dependence of the capture coefficients. ¢, with E;<80 meV. In these cases, tNespectra cannot be
Figure 6 presents the extracted rat'u;}sé,u and cﬁ/ w of  fitted by assuming an energy independent capture coefficient.
the two probed(E) and D?(E) distributions as a function Upon LS, both ratioscﬁ/,u and cﬁ/,u demonstrated in

of E;, level of theA state in(a) and two light exposed states Figs. &b) and Gc) represent an increase in energies shal-

in (b) and(c). The E,, level was approximated by the quasi- lower than 0.6—0.65 eV, while these ratios slightly decrease
Fermi levelEg, of free electrons as calculated from dc pho-for the deep energies around 0.7 eV. As a result, the energy
toconductivity. As can be seen in Figia§ both ratioscﬁ/ u  dependence of the above ratios become almost flatlike in the
and c?/u of the A state increase with the increase of thelight exposed states, indicating that the capture coefficients
trapping energy, suggesting a nearly exponential energy déecome nearly energy independent.

pendencec =c, exp(E/Ep) for the capture coefficients? The DY(E) andD?(E) distributions in theA state and two
and ¢2 with characteristic energieE;=130 meV andE; light exposed states, as determined from the fitting process of
=80 meV, respectively. the'Y spectra of various bias light levels, are shown in Fig. 8

Since our basic analysis has been developed for energgs a function of th&, level. It can be seen that in every state
independent capture coefficients, it could be inappropriatéhe relative density of the above two distributions differ by
for our case where there is such an energy dependence. Thibout an order of magnitude. The DOS of b@hE) and
is because by changingaround the characteristic frequency D?(E) distributions at shallower energies than about 0.67 eV
w; and lower frequencies, the respective probe energy levalecreases upon LS, whereas the deep DOS at about 0.7 eV
has a minor shift close to thg,, level [see Fig. 4b)]. Thusa shows a trend to increase. As a result of these changes, a
possible energy dependence of the capture coefficients mayossing between the DOS of thestate and that of the light
affect the decay oY at the characteristic frequencies. In fact, exposed states appears at about 0.67 eV. In addition, as can
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10" : : sity was found to be constant during the first several minutes
of LS increasing at longer times in parallel with the electron
- 10"k L spin resonancéESR) signal.20 Moreover, we have found that
""g __________________ D(E) the LS time, during which the subgap absorption was prac-
. 0% P tically constant, became shorter by using a stronger light
% (s l— DE) irradiation intensity.
Q 10} ' Although during the initial stage of LS the dangling
bond density is constant, the dc photocurrent is found to
10° - - decay”’ In addition, most of the light-induced decay in the
0.5 0.6 0.7 : S
dark current occurs during the initial stage of LS, as can be
E.-E (V) seen in Fig. &).

FIG. 8. DOS ofDYE) and D%(E) distributions in theA state(thin solid Al the_Ilght-lnduced Changes n th.e MPC were fOL.md to

lines) and two LS states obtained with 10 nashed linesand 1600 min € reversible upon thermal annealing. After hee}tlng at

(thick solid lineg of light irradiation. 185 °C a full recovery of all the measured properties was
achieved.

be seen in Fig. 8, most of the changes in the DOS were
induced during the first 10 min of the initial stage of LS. | piscussion

C. Evolution of the light-induced changes A. Comparison to the results of other authors

The detailed evolution with the LS time of the ratios ~ The calculated DOS above midgap according to the de-
Y/, ¢/ n, andDY(E), DE) at a trap depth of 0.55 eV is fect pool mod_el more Ilkglly_/zacorre_spond_s to the pos_|t|vely

these figures, after the initial stage of LS, the changes in th& increase upon LS along with the neutral dangling bond
DOS were induced with a relatively slower rate. density. However, this prediction does not agree to the decay

The evolution with LS time of the subgap absorption of the DQS of Fig. 8. Such an unexpected decay of the DOS
a; 3 at photon energfE=1.3 eV from the CPM is shown in above_mldgap has been qlso deduced recently from the
Fig. 9c). The subgap absorption; 5 as well as the whole analysis of tzr})e Q-DLTS signal at low temperatures by
subgap absorption at photon energies in the region Olf\ladaz_dyet al”” These authors claimed thg_t the decay of the
0.8—1.5 eV(not shown remained fixed during the initial DOS is due to the removal of the positively charged
stage of LS. The subgap absorptieps, which is considered dangling bonds, producing the shift of the Fermi level to-
as a measure of the dangling bond density below midgapards midgap and the _decay of the dark current and photo-
requires more than 60 min of LS to increase. Thus, from théurrent. This interpretation could be supported from the par-
constant subgap absorption at the beginning of LS, a corf!lel changes in the DOS above midgap and dark cufgeatt
stant dangling bond density can be concluded. A similar conthe beginning of Lgsee Figs. &) and 90)].
clusion was deduced by Nadazey al?° from charge deep The light-induced changes in the DOS of Fig. 8 is also in
level transient spectroscog®-DLTS) measurements. From Very good agreement with the respective changes in the DOS

. 24 .
these measurements the extracted neutral dangling bond déi‘Povze5 midgap reported by Schungnal ™" and Gueorguieva
et al”> using MPC measurements as well. The above authors

found that the defect density at the shallower states de-

% 107 @ - creases, while that near midgap increases with LS. Thus the
< - PR SV DOS before and after the LS represents a crossing that is also
& 1 seen in our DOS at about 0.67 eV of Fig. 8. A similar be-
-\f; ..... oS havior with a crossing in the DOS was obtained by post
£ 10° transient photocurrerPC) experiment$®2
% e ® It is worthwhile to notice that in the calculated light-
= . . induced changes of the DOS from MPC and TPC experi-
% 10 e f AAAAAA e ments reported earlier by different authors, various simplify-
B Lo R ing assumptions have been made. Specifically, it was
R © s assumed a single capture coefficient of the probed states for
_ ol . 1P~ the whole energy range remained unaffected by the LS.
T 0 T .t ST 2 § Moreover, the possible existence of different kinds of gap
- S — 5 states with different capture coefficients was neglected. Thus,
1

if the capture coefficients are considered to increase upon LS

in the analysis of the TPC measurements, then the calculated

light-induced decay of the DOS should be stronger than that

FIG. 9. _E\I/0|Uti<2)/n as Ia fUSCti_Onl of the i”UfSin?ﬂon tiflne OgﬁeEfaﬁ‘## reported in Refs. 26 and 28. Similarly, the light-induced in-

(nangies, DAE) (bosed mangiendistibiions at 0.55 ov b, and aup.  C1ease of the DOS, usually calculated by other authors from
the analysis of MPC measuremei’ﬁsnay arise from an in-

gap absorptiony; 5 (open diamonds and right axigdark current (closed ) o '
diamonds and left axjsn (c). Lines serve as guide to the eye. crease in the capture coefficients, which were assumed

10° 100 10° 10°
exposure time  (min)
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10} . 7o ] rate prefactor was found from DLTS upon enhancing the
= i > structural randomness by increasing the Ge content in re-
3 02l 1 laxed Si-Ge alloy$’

s Hattori et al’® also studied the light-induced changes
Y ) 1 both in the DOS and in capture coefficients from MPC mea-
o 107F _":._31/1' g::{v;aﬂd surements recorded using the bias light level spectroscopy.
S v Re£[31] The above authors also found two different kinds of gap state
103.3 07 05 05 07 distributions DY(E) and D*(E) above midgap. They found
E (V) that the density of these distributions increase upon LS with-

out, however, reporting anything about systematic changes in
FIG. 10. Variation with trap depth energy of the ratfd « (closed symbols ~ the values of the capture coefficiem#and cﬁ, which were
of the A state and attempt-to-escape frequengjrom Ref. 30(dotted ling found in the regions of(0.3-1.4%x10%cm*s? and

and Ref. 31(dashed ling (0.8-1.4x10°% cm® 72, respectively.
Light-induced changes in the capture coefficients can be
a-priori constant. deduced from the respective changes in the attempt-to-

In the present work, the capture coefficients of the twoeScape frequency, reported by Sakata and Yamanékas-
probed gap state distributions are studied systematically if'd TPC measurements. These authors studied the changes in

the A and light exposed states as a function of the trap deptffor Put only of the deep gap states. They found a small de-

31 31
energy. This allows us to determine the absolute DOS distri€"€@S€ 0fip from 3.6 10%s™ to 1.6x10%s™ at0.75 eV
low the conduction band after LS, which qualitatively

bution, the energy dependence of the capture coefficientQ,e ) .
and the induced changes by LS. As can be seen from the da rees with the respective decreasenldfu andcﬁ/,u for the
eeper gap states at about 0.7 eV of Fig. 6.

of the A state in Fig. 6a), the capture coefficients increase Okushi et al. reported a significant light-induced in-

with the trap depth. A qualitatively similar dependence was . .
crease by an order of magnitude in the electron capture cross
found for the attempt-to-escape frequengyextracted from

the TPC experiments of Yan and Adriaenss¥nsntoniadis sectu_)n ofP-dopeda-Si: H films from isothermal capacn_ance
and Schif® Their results are plotted in Fig. 10. It is known transient spectroscoﬁ?/.These authors also found that in the

; L lightly doped sample®.01% B the observed increase of the
that thevy is the product of thé\ and capture coefficiert, 'ghtly dop plee) 6h ved

- - apture cross section was not followed by the creation of
of the gap states predominating electron trapping in the TP
_ : . 2 N, etastable defects.
(vo=cyNg). According to our analysis, tHe4<(E) distribution
dominates electron trapping. Thus, thgfrom TPC is rea-
sonable to be compared with the radﬁi,u that is also in-  B. Identification of the probed defects
cluded in Fig. 10. As it can be seen from this figure, bath

andc?/ u represent a similar trend and increase with the trap ft Based on the large difference of the capture coefficients

depth, supporting an energy dependence for the capture 08231 hevtgohgcgsrgiggzbegsi?pnZ?tfhg:]tr;gf;'%r;snaﬁr?vebg%'s
efficients. The relatively stronger energy dependence,of gap, y 9 ging

could be due to an additional possible temperature deperq.lavIng different atomic conf|gurat|oﬁ§TheD (B) distribu

: . tion with the higher capture coefficient was attributed to dan-
dence, as it has been extracted from various temperatureﬁ . . o
hile the ¢/ tracted h f inale t ¢ gling bonds with a Si—-H back bond. The otti2(E) distri-
\(AQQISGK) i(r:ﬁy’u are extracted here from a single l€mperatur, tion with the lower capture coefficient was attributed to

The light-induced i t th . ey normal dangling bonds without a H atom next to them. This
e light-induced increase of the rauo#/,u andc,/ u interpretation is in agreement with the fact that most of the

(Fig. 6) may arise from an increase of the capture coeffi—d(,:“,]g”ng bonds are formed in the H depleted reg?&r&ince

cients and/or a decay of the carriers mobility. A relatively density oDX(E) is higher than that oD2(E). Moreover
small decay of the carriers mobility has been reported by th¢« si_H bond has a stretching mode of vibration, of

photomixing technique during LSHowever, only adecay in 5000 ¢cm? and corresponds to a phonon energy of 0.25 eV,
the mobility is expected rather to cause a uniform increase o hich is much higher than that of 0.06 eV of the normal
the above ratios of Fig. 6 in all the probed energies, instead;_g;j ponds. The relatively higher vibration mode of Si-H

of the observed pronounced increase at trap depths shallowgpng can quantitatively provide the much larger capture
than 0.6-0.65 eV. Then, it is more reasonable to concludgropability of the D%(E) compared to that ofD(E)

that it is the capture coefficient:,%| andcﬁ of the shallow gap  ({istribution*®

states that mainly increase. An increase of the capture coef- The DXE) distribution with the higher capture coeffi-
ficients upon LS was also reported by photoconductivity ancient can be alternatively attributed to other H related de-
space charge relaxation experimehtBherefore the light- fects. Theoretical calculations showed that H in interstitial
induced increase afy/u and ci/u can be attributed to an cites (Si-H-Sj, known as three center bongECB), intro-
increase of the structural disorder that mainly affects theluce energy levels in the upper half of the energy gap in the
trapping probability through the enhancement of the phonomegion probed by the MPC. The TCB have also a relatively
coupling, which is expected to greatly facilitate the trappinghigh frequency of stretching mode of vibration in the region
and thermal release of the electrons. Indeed, such an effeof 1900—2200 cm, which can also provide a relatively high
characterized by a dramatic increase in the thermal emissiorapture probability for the carriers. The interstitial H is be-

Downloaded 14 Jan 2010 to 150.140.169.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



023707-8 P. Kounavis J. Appl. Phys. 97, 023707 (2005)

lieved to play an important role in the light degradation showed that most of the native or the light-created dangling
mechanism ofa-Si:H. Upon illumination, H may migrate bonds are well separated from each otieFhus isolated
from a bond center to another bond center site and subseéangling bonds should be produced after bond breaking. This
quently retrap into Si—H bonds and dangling boritiEhus, a may be accomplished by the formation of a pair of a dan-
depletion of the TCB upon LS is expected, which can ex-gling bond and a floating borf§:** Specifically, following
plain, in general, the decay &%(E). bond breaking, one of the Si atoms could be threefold coor-
The interstitial H has been manifestedci®i in the bond  dinated, that is a normal dangling bond. The other Si atom
center configuration and it has been identified as a donatould be fivefold coordinated with a Si atom from the third
energy level at 0.2 eV below the conduction bahtf Fisch  nearest neighbors. The fivefold coordinated Si atom is a
and Licciardelld® proposed that the interstitial H also exists floating bond that can move via bond switching procéss.
in a-Si:H in the colinear configuration, introducing defect The floating bond finally could be converted into a dangling
energy levels in the upper half of the energy gap. Bisetas bond at a lattice site away from the other dangling bond, for
al.,, by applying tight-binding electronic structure calcula- example, by involving a local motion of H as described in
tions in a-Si:H models, concluded that the interstitial H re- the model of Biswagt al*®
mains off-center in a bridged configuration, having an unoc-  |n the case of the Si-H-Si bonds, as the structural dis-
cupied energy level in the upper half of the energy Yap.  order increases upon illumination, these bonds are elongated.
An initial density of TCB, which can be frozen in during |n such a case, according b initio calculation§’ the H
the growth process, is reasonable to exist in the samples @tom may be displayed closer to the one Si atom forming a
the A state?***The origin of the TCB is probably due to the strong Si—H bond. Thus an unpaired electron is left on the
H atoms from the growth flux which may insert in strained other Si atom, which looks like a normal dangling bond near
(Si-Si) bonds at the growing film surface releasing strdihs. midgap. Although the above created dangling bonds have a
Therefore the TCB are very possible candidates for theq next to them, this does not contradict the limitation im-
D?(E) distribution. posed by the pulsed ESR measurements, which imply that
the majority of the native and light created dangling bonds
are formed in the H depleted regio?fsl.ndeed, according to
our interpretation the expected density of the resulting dan-
gling bonds with a H atom next to them, as estimated from
Since the decay of the DOS above midgap upon LS hathe decay oD?(E) distribution of Fig. 8, is much lower than
been deduced not only from MPC experiments, but also fronthe expected density of the created normal dangling bonds
other experimental techniques like TPC and Q-DLTS, eactestimated from the respective decayDf(E) distribution.
one with different limitations, it is more likely an inherent In the charged defect mod&l conversion of shallow to
property ofa-Si:H. This decay of the DOS along with the deep states is also predicted. This is accomplished by trap-
respective crossing near midgap may arise, in general, froming of carriers into charged diamagnetic dangling bonds
conversion of the shallow gap states into deep ones upo(D*,D") at shallow energy levels, converting them into deep
illumination. Either the weak bond to dangling bond- paramagnetic dangling bon@®°). The decay and the cross-
breaking conversion models or the charged dangling bonihg of the DY(E) and D%(E) distributions can be reconciled
model, in general, can explain this behavior. with this model if both distributions at shallower states could
The weak bond to dangling bond-breaking conversiorbe attributed to positively charged dangling bonds. Indeed,
models can be combined with the light-induced increase ofissuming the widely accepted mobiliy=10 Vs/cnf?, the
the structural disorder deduced from the increase of the rewo ratiosc:/ u andc?/ u of Fig. 6 givec:>1078 cm®/s and
spective ratios:ﬁ/ w and cﬁ/ u. Specifically, as we have ear- c§> 107 cm?/s, that are reasonable for positively charged
lier propose(f,the energy released from the recombination ofgap states. The difference between the order of magnitude of
the light-induced electrons and holes may cause bond angl:% and cﬁ can be attributed to a different local atomic con-
and bond length distortions, accumulating strains in soméguration of the respective gap states, as explained in the
lattice cites. Thus, some weak or strained bonds at shalloywrevious section.
energy levels become highly strained and eventually break The light-induced decay and the crossing observed in the
producing dangling bonds near midgap. This mechanism i®(E) distribution could be due to the conversion of the
reasonable to explain the decay Df(E) distribution be- positively charged dangling bonds at shallower states into
cause, as mentioned above, it could be attributed to TCBeutral ones near midgap. The charged dangling bonds may
arising from the insertion of H into strained Si-Si bonds. Inoriginate from negative effective electronic correlation en-
this case, the decay db%(E) indicates the elimination of ergy Ugs " or potential fluctuation&® A similar conversion
TCB as these bonds may break upon LS. mechanism with that reported above for diamagnetic dan-
Since theD!(E) distribution demonstrates a very similar gling bonds can be also applied to the otBé(E) distribu-
behavior with that oD?(E) and also decays upon LS, then tion, which was attributed in the previous section to TCB
more likely it could be attributed to antibonding states ofalso characterized by negatitks; propertiesg.6 Indeed, Bis-
strained Si—Si bonds located in H depleted regions. If avas et al®’ by using molecular dynamics simulations pre-
highly strained Si—Si bond breaks, then a pair of danglingdicted that under illumination positively charged defects, as-
bonds is formed, which is unstable because bond reformatiosociated with the bond bridged H centers, could be converted
may take place. Besides this, pulsed ESR measuremernit#o deeper neutral dangling bonds with the capture of an

C. The microscopic mechanism of the light-induced
changes
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