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ABSTRACT

Relaxation data for the thermal equilibrium defect densities in
‘undoped a-Si:H are obtained by time-of-flight (TOF) measurement in
the temperature range of 160° to 250°C. T hé internal stress in the
material is also measured. The mobility-lifetime product of electrons

(pt) increases from 0.5 x 107 to ‘its equilibrium value of 2.2 x 1017



- c¢m?2/V during the 160°C annealing. The equilibrium value of pt is
equivalent to the spin density (Ns) of about 1.1 x 1015 cm-3. The Ng
curves have a minimun f/alue just before their equilibrium. The time
dependence of the Ns relaxation follows a two-term stretched
éxponential form'which corresponds to two metastabl¢ states,. and
each relaxation time is activated with activation enérgies of 1.10 to -
1.20 eV. The thermél equilibrium Ns increases with temperature
with an activation energy of 0.20 to 0.30 eV. The data for the second
- annealing at 160°C after the first long annealings at 200° and 250°C
also follows the two-term stretched exponential forrh derived from
the first annealing data. The result suggests the presence of a |
multivalley et_iergy configuration at ‘metastable states. The electron
mobility (p) increases slightly compared with the pt changes, and no
stress change is observed during the various annealing steps. It is
concluded that the structural change is much smaller than the change
~in mepastable-state densities during annealing in the temperature - l

range of 160° to 250°C.



1. INTRODUCTION

Defect equilibration' and _metastability in undoped
hydrogenated amorphous silicon (a-Si:H) have been studied by
different kinds of measurements. The defect density in undoped a-
Si:H has been found to reach a thermal equilibrium in the
temperature range of 100° to 300°C. ! Defect equilibration in
undoped a-Si:H was first observed by Smith et al. by photothermal
deflection spectroscopy (PDS) and constant-photocurrent
measurements (CPM). 2 McMahon and Tsu found the thermal-
equilibfium temperature Tg was 190° to 200°C_in undoped a-Si:H. 3)
Street and Winer investigated the frozen-in defects in a-Si:H \\avith
different deposition conditions by ESR measurements in the
temperature range of 180° to 400°C, and used a stretched
exponential form for describing annealing bahavior. 9 Xu et al.

- observed temperature dependence of the thermal-equilibrium defect
density in undoped a-Si:H and a-Si-based élloys By ESR
measurements. 3-7 In these studies, the thetmal-equilibrium defgct
density increases with temperature, and the high-temperature state
“above Tg can be frozen-in by quenching to room temperature, where
the relaxatiqn time is extremely long. McMahon found the time |
constants for annealings of 250°C fast-cool (FC) defects in a high-

frequency film deposited by rf glow divscharge at 110v MHz to be



aetivated with a barrier of 2.20 eV, and‘ equilibrium spin densities
also to be activated with a formation energy of 0.35 eV. ® The
activation energy of 0.35 eV is in good agreement with the value of
about 0.3 eV in earlier studies. 910) The energy barrier of 2.20 eV is
larger than the 1.50 eV measured on a sample made at high rf
power. 4 Based on the crossover in one annealing data curve,
McMahon suggested a multivalley enefgy configﬁration coordinate
diagram with smaller barriers between metastable states to describe
defect states in a-Si:H films. 1 ‘ | '

Generally a-Si:H films have large amounts of intrinsic stress. 12-
16) Previous studies have shown that the amount of stress depends
on the silane concentration used for film growth, 12 the deposition
temperature, 13) the rf power, 13.14) and the ratio of dihydride (SiH3)
to monohydride (SiH) content in the films. 14) Stevens and Johnson
showed that the maximum compressive stress aﬁpeared under the
same conditions in vwhich ‘the optimized electronic pr_operties were
obtained. 15 Kurtz et al. found no correlation between stress and the
light-induced effect which causes metastable defects. 16)

Basic material parameters in a-Si:H: 'electr_on mobility (u) and
mobility-lifetime product of electrons (pt) were obtained by TOF
measurement using a pulsed laser system. 17) | , “ |

In this work, we study both the relaxation behavior of frozen-
in defects in undoped a-Si: H and the temperature dependence of the

thermal- equlhbnum defect density by wusing TOF measurements, as



well as the energy configuration at matastable states using relaxation
data of the various pre-annealing conditions. We use a two-term
exponentiél fofm' instead of the singlg-term form used in earlier
studies for describing the time dependence of the Ns relaxation.
4,78,11) We also measure the internal stress in a-Si:H during the
vv_arious -annealing stéps to describe relationship betwéen the

behavior of metastability and the structural changes of a-Si:H.
2. EXPERIMENTAL .

The .é-Si:H samples used in. this study were prepared by rf glow
discharvge. from SiH4. The rf power was 7 W at 85 MHz. Films of 14 |
pm thickness were depositéd on chromiun-coated Corning 7059 glass
substrates held at 320°C. The samples had thin top (p+) layers of p+-
a-SixCi-x:H made from SiH4 + CH4 + B2Hg at 250°C. They had thin
bovtt(‘)m (n*) layers of n*-a-Si:H made from SiH4+ PHj3 at 320°C. Semi
transparent chromium contacts were deposited on the p*+ layers of |
_ thg films .for'making TOF meaSurements. |

~ The samples were first annealed at 300?C for 10 minutes and
then fast-cooled by dfoppihg ‘the samples into cool water. The
samples were t_hén annealed at temperatures of 160° to 25_()°C for
increasing axhounts of time. During the various_ann_eal_ith steps, the -
fast cools were “'pcrformed'“ in order to make TOF and internal stress

measurements. After the ut of the samples reached an equilibrium at



200° or 250°C, additional | 160°C annealings were performed for
further measurements. o o

The transient photoconductivity of a-Si:H was measured to
obtain p and pt using a 510-nm pulsed laser system with 3-ns pul_se’
width. The 510-nm light has a mean free path of about 0.2 um and
can be used to provide information about the electron signal when
" the iight is incident on the p* layer of the sample. The ﬁlobility, ",
~ was obtained by measuring transient time signals in a conventional
TOF experiment. The pt product was obtained frorh the fiéld |
dependence of collécted charge and the Hecht equation.

The internal stfess of a-Si:H was obtained by measuring the
curvature of the underside of the glass substrates. !4) The curvature

provides the following total stress;
o, = Egts2 / 6(1 - vOUR, - | | 1

where E; is Young's modulus of the glass substrate, v is Poisson's
ratio of the substrate, t; is the thicknesses of the substrate, tf is the
thickness of the a-Si:H film, and R is the radius of curvature of the

deposited substrate. The total stress is a sum of the intrinsic stress

(c}) and the differential thermal expansion between the film and the

substrate;

61 =0 + (05 - o)[Ee/ (1 - Vf)](Ts - Tm), _ | (2) . ..



‘where o and of are the thermal expansion coefficients of the
substrate and the a-Si:H film, Ef is Young's modulus of the a-Si:H, vg¢ is
Poisson's ratio of the a-Si:H, T is the deposition temperature, and Tp
is the measurement temperature. The - values used for the |
calculations were Eg = 6.8 x 1010 Pa, v; = 0.28, Ef = 4.4 x 1010 Pa, vi=
0.2, o = 46 x 10-6°C1, ag = 4 x 106°C-1, T, = 320°C, and Ty, = 25°C. 16)

3. RESULTS AND DISCUSSION

3.1 Defects

The time dependence of pt for different e.nnealing
temperatures is shown in Fig. 1. The pt changes from its initial vai_ue
of 0.5 x 10-7 to an equilibrium value of 2.2. x 10-7 ecm2V-1 at 160°C.
The initial value in each series of measurements was the same within |
the experimental uncertainty. It takes ab_oﬁt 2 x 106sec at 160°C to
reach equilibriufri and it decreases by two orders of magnitude at
250°C It is noteworthy that a maximum value of LT appears JUSt
before its equilibrium at each annealing temperature | |

The spin density (Ns) was calculated from the value vof ptNg =
2.5 x 108 cm-1V-1 17), ‘The equxllbrlum value of nt at 160°C is
equivalent to a Ns of as low as 1.1 x 1015 cm-3. The relaxation data
for Ns are shown in Fig. 2. Like the pt curves, all curves of Ng have a

minimum value just before their equilibrium. For the purpose of .



fitting the annealing data to the equation curve, earier studies have

used the following stretched single-term exponential form;

Ns(t) = N¢ + (Ni - Np)exp[-(t / tr)P], (3
where N;j is the initial queﬁched-in spin density, Nf is the final
annealing value, tg is the relaxation time, and P is the dispersion.
parameter. 4.7.8.11) In this study the annealing data do not fit well to

eq. (1) because of the minimum value before their equilibﬁum. ‘In

~order to fit our experimental data, we adopted a new equation,
Ns() = Ni(1) + No(t), . (4)
where N;j(t) and Nx(t) are the spin densities at the metastable state
M; and Mz_shown in Fig. 3. There, Sp indicates the vstable state. Since
Ni(t) and N,(t) are time dependent, |
dN1(t) / dt = -tPI-IN (1), - - (5)
and

aN2() / dt = 1N, | C®)

They can be described by the stretched eXponential forms,



Ni(t) = Npy + (Nis - NppJexpl-(t / tr1)B1], (N
and

Na(t) = Npz + Ni2 - NeJexpl-t / o)), (8)
where Nj; and Nj; are the initial quenched-in spin densities, Nf1 and
N¢, are the final annealing values, tr; and trz are the relaxation
‘times, and B, and B, are the dispersion parameters at M; and M,.
Here N; and Ny are written as

N; = Ni1 + Njp, - (9)
and

Nt = Ngy + Npp, | - - (10)

In our experiments, since the first annealings for making quenched-
| in defects were performed for relatively short times, we can neglect
Nia. ,

Thus eq. (9) is replaced by

Ni=Npoo (11)



Equation (4) becomes the f_oilowing two-term exponential form,

N

Ns(t) = Nt + [N;- (1 - xr)Nelexp[-(t / tr1)P!] - xrNexp[-(t / tr2)P2],

(12)
with

Nn=(-xoNy, - (12a)
and

Np = xrNg, | . (12b)

where xT is a ratio of the final values and 0 < xT < 1. Then the
annealing data for the A-Si:H samples fit well to eq. (12) cﬁrves'
| shown_in‘ Fig. 2 with the fitting parameters listed in Table I.

As seen in Table I, the relaxation time tr1 of the‘ qubnched-in
spin density at M; is 8 x 10*sec at 160°C, decreasing to 5.5 x 102 sec
at 250°C. These values of tr; are the same magnitude as the
relaxation times reported by Xu et al 7). In our study, the relaxation
time try at My is an order of magnitude larger than try at the éame, |

annealing temperature. It is assumed that the difference between tg;

~

10



and tgrz is due to the differences in the initial spin vdensities‘ at M; and
M3, and in the sites of M; and M.

“The ratios of the finalxspin densities, xt, range from 0.30 to
-0.45. These values provide a distribution of equilibrium. spin
denSi‘t_ies in the two-valley energy eonfigufation of metastable states
shown in Fig. 3. | |

~ The temperature dependence of Ny, Nfll; and Ng, is shown in
- Fig.4. Np; and Ny incfeaSe with temperature. with activation energies
of 0.27 eV and aboﬁt 0.20 eV, shown respectively as AE; and AE; in
Fig. 3. This fact suggests that the energy levels of the state M; and
M, are probably almost the same within experimental uncertainty,
providing the same order of final spin density in both metastab‘le
states. The value of 0.27 eV of AE; is nearly the same as about 0.30
eV or 0.35 eV in earlier studies. 9-11) | '

The temperature dependence of tgr; and tgs is shown in Fig. §.
The relaxation tim‘es ‘tr) and tro are activated with energies of 1.10
eV and 1.15 eV, shown respectively as Ep; aﬁd'Egz in Fig. 3. The
energy barrier of 1.10 eV is smaller than the‘l.SO eV reported by
Street and Winer 4 and the 2.20 eV reported by McMahon. 11 If the
single-term exponential form were used to. calculate our EB; the Eﬁ in
‘this study would be about 1.30 ev, which is not so small when _
compared with the 1.50 eV, but which is considerably smaller than -

~the 2.20 eV. This seems to be due to the differences in the film

preparation method or in the cooling rate at which the quenched-in

11



defects were created. Although the values of trj and tra are an order
of magnitude different at the same annealing temperatures, we
obtained almost the sén'{e values for Eg; and Eg,. The presence of M2
supports the multivalley energy configurati'on éoordinatc: model.
proposed by McMahon. 11) In our study, howéw)er, the energy barrier

between the two metastable states, M; and M;, may be as high as

that between Sp and M; in 'Fig. 3. This configuration is different from v

McMahon's model, which shows smaller barriers between the
. metastable states. | | A

In ordex té ascertain the presence of M, two second annealings
at 160°C were performed after the first long annealings at 200°C and
250°C .

The time dependence of pt during the second annealings is
shown in Fig. 6. Achieving further equilibriufn takes about 2 x 106
sec, which is almbst the same as the time required for anneéling at
160°C (the first annealing) in Fig. 1. The value of put ¢hanges from 1.0
x 107 to its equilibrium value of 1.4 x 107 cm2/V vat 160°C after the
first 200°C anncalihg, and changes from 0.8 x 10-7 to its equilibrium
value of 1.5 x 107 cm?2/V at 160°C after the first 250°C annealing. A
maximum value of pt appears just before its equilibrium during both
160°C annealings as well as during the first annealing. | o

The relaxation data for Ng during the second annealingsv are
shown in Fig. 7. The equilibrium pt-values of 1.4 x 107 and 1.5 x

107cm?2/V are equivalent to Ng of 1.8 x 105 and 1.7 x 1015 cm-3,

12
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respectively. In order to fit the second annealing data, we can

rewrite eq. (4). Equation (4), with egs. (7) - (10), becomes

Ns(t) = Np + [(1 - x71)Ni - (1 - xr2)Nelexp[-(t / tr1)P!]

+ (x11N; - xT2Ny)exp[-(t / tr2)B?] | | (13)°
with
Ni=(-xr)Ni, ~ (13a)
Ni2 = xT1Nj, . - : ' (13b)
Nn=(1- oNo g a (13c)
and
Ng = x12Ny, | | | - (13d)

where xT; and x72 are the values of xt at the températures of the
first and the second annealing. The cﬁfve of Ns from eq. .(13) is about
the same as the experimental results ‘shown in Fig. 7. ‘This _fact'
supports the i)resence of M,, which correspoﬁds to the two-term
exponential form. If the smgle term exponential form were used to

calculate the relaxation time in our experiment, the values would be
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7 x 105 sec for the second annealing after the long annealing ét
200°C, 3 x 105 sec for the second annealing after the long annealing‘
at 250°C, and 7 x 10 sec for the first annealing after the ‘short
anneél‘ing at 300°C. These data show that relaxation behavior
-depends strongly -on the initial condition when annealing starts. |
Regardless of when the 160°C annealings are done in the sequence,
the parameters for all 160°C annealings are the same except for the
values of Njj, Nj2, Nf1, and N2 for the two exponential terms. The
relaxation times tr; and tgy, and the dispersion parameters B; and B,
‘are the same. Therefore it is assumed that the defect relaxation
depends on the differencé in_the initial deféct distributions in the
metastable states. |

The final Ng values, Nf; and Ny, in the second annealing are a
little lower than the Ns value of 1.1 x 1015 cm-3 for the first 160°C
annealing. This fact indicates the .pres‘ence of a third or several more
metastable states, which are neglected in our calculation. | _

The defect mechanism suggested ,by Street and Winer is that .
hydrogen is released from a Si-H bond and breaks a weak Si-Si bond.
At the Si-Si site,' a new me{astable state, M;, and a new Si-H bond are
created.K 4 In our study, we 'suggest that a mobile hydrogen, which
has created a Si-H bond where a weak Si-Si Bo’nd used to bc; is
released again and breaks another weak bond, then a new
metastable state is created at M, and a weak Si-Si bond is created

again where M; used to be.



3.2 Electron mobility

- The time dependence of p for the first and second annealings
are shown in Fig. 8(a) and 8(b), respectively. A small change
“correlated to the pt is seen, and a mziximum value of p appear about
the same time as that of pr. During the first 160°C annealing, p
changes from 1.07 to 1.23 cm2/Vs at .its equilibrium. . Generally the
~ carrier mobility is reduced by scattering, which increases with the
dcgree of disorder, and the energy of the mobility edge within the
5and also depends on the degree of disorder. !3) When metastable
defects are introduced by quenching-in at the initial FC, the degree of
disordcr' in the a-Si:H rises and ihe mobility edg'e, within the band
becomes less steep. As metastable defect_s decrease during_ annealing,
the degree of disorder decreases and  the lhobility edge bécomes
steeper. Since the relative change of u is smaller than that of pr, the
relative change of the degree' of disordef is also smaller than that of
Ns. The degree of disorder, which will be discussed in thehext |
section, should correspond with the. Si-Si network and the Si-H bond

structure.

3.3 Internal stress
The time dependence of normalized internal stress is shown in
Fig. 9. The initial values of internal stress in samples we measured

were between 260 and 350 MPa. In Fig. 9, no change in internal

15



stress was oBservied within the experimental uncértainty. The origin
of stress, as well as the degrec of disorder, _should be due to the Si-Si
network and _Si-H bond structure. Though mobile hydrogen can
change the ne_twork and the bond structure by breaking weak bonds,
the number of broken bonds will be much smaller than the number
of total Si-Si bonds in the a-Si:H. The number of broken weak bonds
" (Npw) at the initial annealing stage will be written as

..NBW:(Ni‘,Nf)/z- - (14)

In this study, Npw is 2 x 1015 cm-3 for a 160°C annealing. This value
is between 2 x 10-8 and 3 x 10-% times as low as the total'numbe_r of
Si-Si bonds. Therefore it is assumed that metasiable,—staté density
changes, which are caused by mobile hydrogen, are not enough to
cause the structural change which affects the observable change in
the stfess at temperatures between 160° and 250°C, températurés
which will not cause irreversible change in the film properties.
Though the structural change is too small to change the stress, the
degree of disorder is chahged .slightly, resulting in a relatively small
change of p. It is concluded that the change in metastable-state
densities may affect some kinds of film properties along the
following lines: ut and Ng change by factors of 5; u changes by 15 %;

and changes in stress are not observable;

16
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4. CONCLUSIONS

TOF measurements provide relaxation déta for mob_il’ity-
lifetime products (ut) and mobilities {1y of electrons in undoped a-

- Si:H. Thermai equilibration spin density (Ns) derived from prt is
observed between 160° and 250°C. Thé Ns curves have a minimum
value just before their equilibrium. The time dependence of the Ns |
relaxation follows a two-term stretched exponential form which
corresponds to two metastable states, and each relaxation time is
activated with activation energies of 1.10 to 1.20 eV. The thermal
equilibrium Ngs increases with temperature with an activation energy
of 0.20 to 0.30 eV. Relaxation data, including the data for thc second
annealings, confirm the presence of a multivalley energy
configuration at the metastable states.

Compared with the HT change, there is a slight increase in p, and
no stress change is observed during the various annealing steps. We
conclude that the change in metastable-state densities affect some
kinds of film properties: pﬁ: and Ns change by factors of 5; u changes

by 15 %; and changes in stress are not observable.
ACKNOWLEDGEMENTS

This study was supported by the U.S. Department of Energy
under Contact No. DE-AC03-76SF00098.



One of us Yu .Kitsundwould like to thank the management of

Showa Denko K.X. for supporting his stay.in Berkeley.

18



19

<References>

1) Z. E. Smith and S. Wagner: Phys. Rev. B32 (1985) 5510.

2) Z. E. Smith, S. Aljishi, D. Slobodin, V. Chu, S. Wagner, P. M.
Lenahan, R. R. Arya and M. . Bennett: Phys. Rev. Lett. 57
(1986) 2450. |

3) T.J. McMahon and R. Tsu: Appl. Phys. Lett. 51 (1987) 412. .

4) R. A. Street and K. Winer: Phys. Rev. B40 (1989) 6236.

5) X. Xu, A. Morimoto, M Kumeda and T. Shlmlzu Appl Phys. Lett.
52 (1988) 622, ’ \

6) X Xu, A. Okumura, A Morimoto, M. Kumeda and T. Shlmlzu
Phys. Rev. B38 (1988) 8371.

X. Xu, H. Sasaki, A. Morimoto, M. Kumeda and T. Shimizu: Phys.
Rev. B41 (1990) 10049.

8) T. J. McMahon: Solar Cells 30 (1991) 235.

9) J. Kakalios and W B. Jackson mms_&[md_ejgmd_
Materials, ed. H. Fritzsche (World Scientific, Singapore, 1988), p.
209. I

10) S.Zafer and E. A. Schiff: J. Non-Cryst..,Solids 114 (1989) 618.

11) T.J. McMahon: Phys. Rev. B45 (1992) 4512, o

' 12). J. P. Habison, A. J. Williams and D. V. Lang: J. Appl. Phys. 55
(1984) 946. _
13) K Ozawa, N. Takagi and K. Asama: Jpn. J. Appl. Phys. 22 (1983)

L801.



14)

15)
16)

.17)

18)

H. Kakinuma, S. Nishikawa, T. Watanabe and K.} Nihei: J. Appl.
Phys 59 (1986) 3110.

K. S. Stevens and N. M. Johnson: J. Appl. Phys. 71 (1992) 2628.

S. R. Kurtz, Y. S. Tsuo and R. Tsu:}Appl. Phys. Lett. 49 (1986)
951. |

S. Qureshi, V. -Perez-Mendez; S N. Kaplan I. Fujieda, G. Cho and

R. A. Street: J. Non-Cryst. Solids 114 (1989) 417.

R. A. Street: Hvdrogendted amorphous silicon, eds. R. W, Cahn E.
~ A. Davis and L M Ward (Cambridge Umversny Press,

Cambridge, 1991), p- 14-15.

20



21

3 41’1' Illlllllll T]llll"l llllllnl ]llllllll lllr"“‘rﬁlilll"l LB R R LELL
i ® 160°C - ' i
I B 200°C E o ]
5 C ) ' 7
i A 250°C . : J
| o0
—~ 2 T \ ]
> i °® -
N\ - -
g I )
') i ]
Dy i ® .
)
< I ]
~ - B -
oo B g i
Lk
- ‘ -
» A -
A
I 2 ° ‘ ]
. A
- A
2 : ° J
I I ' L 3 s osnal o 1‘1111u] [ uuuL__;_u@ﬂ__;_uM‘
o — 4

o 10° 100 102 103 10* 10° 10° 107
time (sec)
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Configuration

Fig. 3. Multivalley energy configuration graph, showing the |

~ metastable states (M; and M) and thev stable state (So). The figure is

explained in the text.
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the total value, and N, and Ny, are the values at metastable states
M; and M,.
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are the values at metastable states M; and M.



26

3 , "l, IBLBLRALL B lll.ﬂl R AL R R N B ESE N RRELL T
] ‘B pr(when 200°C precedes 160°C) ]
N — - = curve A ]
L A pr(when 250°C'preeedes 160°C) -
4 L ------- curve -
2] y
> I - - , o | .
N\ . _ . ' S ]
o .
LA R YO
() v ’ g .
— - ’ ‘ ' " ] .
vl 3 o
| B s — s et e e e e e s - A
1 [ | | , ]
A‘_ ------- ‘—--....--.-..-.-.--.--, ............. ’ . -
- . . : : 4
0 sl sl ol

o 109 100 10* 10®° 10* 10° 105 107
time (sec)
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Fig. 9. Tirhe dependence of normalized internal stress during

~ annealings at different temperatures After the 160°C annealings
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200°C and 250°C annealing are included. The time dependence

- during the 200°C annealing and the 160°C annealing following it is
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Table 1. Fitting parameters used with Eq. (12) for the

curves shown in P1g 2.

annealing temperature 160°C 200°C 250°C
N; (1015 cm3) 5.02 5.97 6.04
Ng (1015 cmr3) 1.12 2.39 3.29
Xp 0.40 0.45 030
tgy (sec) 8x104 2x103 55x102
tr (sec) 8x105 25x104 4x103
By 0.65 0.65 0.60
By 0.80 0.80 0.80
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