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ABSTRACT 
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density, internal stress, time-of~flight (TOF), 

mobility-lifetime product (J.l't), electron mobility 

(J.L); metastable state 

Relaxation data for the thermal equilibrium defect densities in 

~ndoped a-Si:H are obtained by time-of-flight (TOF) measurement In 

the temperature range of 160° to 250°C. The internal stress in the 

material is also measured. The mobility-lifetime product of electrons .. 
(J.L't) increases from 0.5 x 10-7 to its equilibrium value of 2.2 x 10-7 
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cm2N during the 160°C annealing. The equilibrium value of J.1't is 

equivalent to the spin density (Ns) of about 1.1 x 1015 cm-3• The Ns 

curves have a minimun value just before their equilibrium. The time 

dependence of the N s relaxation fol~ows 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 eVe The thermal 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 form derived from 

the first annealing data. The result suggests the presence of a 

multival~ey energy configuration at metastable states. The electron 

mobility (J!) increases slightly compared with the J!'t 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 metastable-state densities during annealing in the temperature . 

range of 160° to 250°C . 
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1. INTRODUCTION 

Defect equilibration and metastability in undoped 

hydrogenated amorphous silicon (a-Si:H) have been studied by 

~ifferent 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. 1-7) 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

equilibrium temperature TE was 190° to 200°C" in undoped a-Si:H. 3) 

Street and Winer investigated the frozen-in defects in a-Si:H with 

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. 4) Xu et al. 

observed temperature dependence of the thermal-equilibrium defect 

density in undoped a-Si:H and a-Si-based alloys by ESR 

measurements. 5-7) In these studies, the thermal-equilibrium defect 

density increases with temperature, and the high-temperature s"tate 

"above TE can be frozen-in by quenching to room temperature, where 

the relaxation 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 discharge at 110 MHz to be 
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activated with a barrier of 2.20 e V, and equilibrium spin densities 

also to be activated with a formation energy of 0.35eV. 8) The 

activation energy of 0.35 e V is in good agreement With the value of 

about 0.3 eV in earlier studies. 9,10) The energy barrier of 2.20 eV is 

larger than the 1.50 e V measured on a sample made at high rf 

power. 4) Based on the crossover in one annealing data curve, 
, 

McMahon suggested a multivalley energy configuration coordinate 

diagram with smaller barriers between. metastable states to describe 

defect states in a-Si:H films. 11) 

Generally a-Si:H films have large amounts of intrinsic stress. 12-

16) ~tevious 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 (SiH2) 

to monohydride (SiH) content in ,the films. 14) Stevens and Johnson 

showed that the maximum compressive stress appeared under the 

same conditions in which 'the optimized electronic properties 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: electron mobility (J.1) and 

mobility-lifetime product of electrons (J,L't) 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-equilibrium defect density by using TOF measurements, as 
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well as the energy configuration at matastable states using relaxation 

data of the various pre-annealing conditions. We use a two-term 

exponential form' instead of the single-term form used in earlier 

studies for describing the time dependence of the N s relaxation. 

4.7.8.11) We also measure the internal stress in a-Si:H during the 

various annealing steps to describe relationship between the 

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

2. EXPERIMENTAL 

The a-Si:H samples used in this study were prepared by rf glow 

discharge from Si~. The rf power was 7 W at 85 MHz. Films of 14 

Jlm thickness were deposited on chromiun-coated Corning 7059 glass 

substrates held at 320°C. The samples had thin top (p+) layers of p+­

a-SixCl-x:H made from SiR4 + CR4 + B2H6 at 250°C. They had thin 

bottom (n+) layers of n+-a-Si:H made from SiR4 + PH3 at 320°C. Semi 

transparent chromium 'contactS were deposited on the p+ layers of 

the films for making TOF measurements. 

The samples were first annealed at 300°C for 10 minutes and 

then fast-cooled by dropping the samples into cool water. The 

samples were then annealed at temperatures of 160° to 250°C for 

increasing amounts of time. During the various annealing steps, the 

fast cools wen~ performed' iIi order to make TOF and internal stress 

measurements. After the J.1 't of the samples reached an equilibrium at 
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200° or 250°C, additional 160°C annealings were performed for 

further measurements. 

The transient photoconductivity of a-Si:H was measured to 

obtain J.l and J.lt using a Sl0-nmpulsed laser ,system with 3-ns pulse 

width. The 510-nm light has a mean free path of about 0~2 J.lm and 

can' be used to provide information about the electron signal when 

the light is incident on the p+ layer of the sample. The mobility, ~, 

was obtained by measuring transient time signals in a conventional 

TOF experiment. The J.l t product was obtained from the field 

dependence of collected charge and the Hecht equation. 

The internal stress of a-Si:H was obtained by measuring the 

curvature of the underside of the glass substrates. 14) The curvature 

provides the following total stress; 

(1) 

where Es is Youn~'s modulus of the glass substrate, Vs is Poisson's 

ratio of the substrate, 1& is the thicknesses of the substrate, tf is the 

thickness of thea-Si:H film, and R is the radius of curvature of the 

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

(Gi) and the differential thermal expansion between the film and the 

substrate; 

Gt = Gi + (as - af)[Ef 1(1 - vf)](Ts - Tm), (2) 

6 



where as and af are the thermal expansion coefficients of the 

substrate and the a-Si:H film,· Ef is Young's modulus of the a-Si:H, Vf is 

Poisson's ratio of the a-Si:H, Ts is the deposition temperature, and Tm 

• is the measurement temperature. The· values used for the· 

calculations were Es = 6.8 X 1010 Pa, Vs = 0.28, Er = 4.4 X 1010 Pa, vr-

0.2, as = 4.6 x 10-6°C-1, af = 4 x 10-6°C-1, Ts = 320°C, and Tm = 25°C. 16) 

3. RESULTS AND DISCUSSION 

3.1 Defects 

The time dependence of J.I. 't for different annealing 

temperatures is shown in Fig. 1. The J.I. 't changes from its initial value 

of 0.5 x 10-7 to an equilibrium value of 2.2 x 10-7 cm2V-1 at 160°C. 

The initial value in each series of measurements was the same within 

the experimental uncertainty. It takes about 2 x 106 sec at 160°C to 

reach equilibrium, and it decreases by two orders of ma,gnitude at 

250°C. It is noteworthy that a maximum value of J.I. 't appears just 
, 

before its equilibrium at each annealing temperature. 

The spin density (Ns) was calculated from the value of WtN s = 

2.5 x 108 em-1V-1 17). The equilibrium value ofJ.l.'t 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 J.l.t curves, all curves of Ns have a 

minimum value just before their equilibQum. For the purpose of 
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fitting the annealing data to the equation curve, earier studies have 

used the following stretched single-term exponential form; 

Ns(t) = Nr + (Ni - Nr)exp[-(t I tR)P], (3) 

where Ni is the initial quenched-in spin density, Nr is the final 

annealing value, tR is the relaxation time, and f3 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 equilibrium. In 

order to fit our experimen~al data, we adopted a new equation, 

(4) 

where N 1 (t) and N2(t) are the spin densities at the metastable state 

M I and M2 shown in Fig. 3. There, So indicates the stable state. Since 

N I (t) and N2(t) are time dependent, 

dN l(t) I dt = -dit-IN 1(t), (5) 
" 

and 

(6) 

They can be described by the stretched exponential forms, 
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(7) 

and 

(8) 

where Nil" and Ni2 are the initial quenched-in spin densities, Nfl and 

N f2 are the final annealing values, tR 1 and tR2 are the relaxation 

tiines, and 131 and 132 are the dispersion parameters at Ml and M2. 

Here Ni and" Nf are written as 

(9) 

and 

Nf = Nfl + Nn. (10) 

In our experiments, since the first annealings for making quenched­

in defects were performed for relatively short times, we can neglect 

Ni2. 

Thus eq. (9) is replaced by 

(11) 
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Equation (4) becomes the following two-term exponential form, 

Ns(t) = Nf + [Ni - (1 - xT)Nf]exp[-(t I tRl)~l] - XTNrexp[-(t I tR2)P2], 

(1-2) 

with 

Nfl = (I - XT )Nf, (12a) 

and -

(12b) 

where XT is a ratio of the final values and 0 < XT < I. Then the 

annealing data for the a-Si:H samples fit well to eq. (12) curves· 

shown in Fig. 2 with the fitting parameters listed in Table I. 

As seen in Table I, the relaxation time tRl of the quenched-in 

spin densjty at Ml is 8 x 1()4 sec at 160°C, decreasing to 5.5 x 102 sec 

at 250°C. These values of tRl are the same magnitude as the 

relaxation times reported by Xu et al 7). In our study, the· relaxation 

time tR2 at M2 is an order of magnitude larger than tRl at the same 

annealing temperature. It is assumed that the difference between tR 1 
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and tR2 is due to the differences in the initial spin densities at Ml and 

M2 and in the sites of Ml and M2. 

The ratios of the final spin densities, XT, range from 0.30 to 

0.45. These values provide a distribution of equilibrium spin 

densities in the two-valley energy configuration of metastable states 

shown in Fig. 3. 

The temperature dependence of Nf, Nfl, and Nf2 is shown in 

Fig.4. Nfl and Nf2 increase with temperature with activation energies 

of 0.27 eV and about 0.20 eV, shown respectively as AEI and AE2 in 

Fig. 3. This fact suggests that th~ energy levels of the state Ml and 

M 2 are pro~ably almost the same within experimental uncertainty, 

providing the same order of final spin density in both metastable 

states. The value of 0.27 e V of AE 1 is nearly the same as about 0.30 

eV or 0.35 eV in earlier studies. 9-11) 

The temperature dependence of tRl and tR2 is shown in Fig. 5. 

The relaxation times tRl and tR2 are activated with energies of 1.10 

eV and 1.15 eV, shown respectively as EBI andEB2 in Fig. 30 The 

energy barrier of 1.10 e V is smaller than the 1.50 e V 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 EB in 

this study would be about 1.30 e V, 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 
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defects were created. Although the values of tRl and tR2 are an order 

of magnitude different at the same annealing temperatures, we 

obtained almost the same values for EBl and EB2.The presence of M2 

supports the multivalley energy configuration coordinate model 

proposed by McMahon. 11) In our study, however, the energy barrier 

between the two metastable states, Ml and M2, may be as high as 

that between So and Ml in 'Fig. 3. This configuration is different from 

McMahon's model, which shows smaller barriers between the 

metastable states. 

In order to ascertain the presence of M2, two second annealings 

at 160°C were performed after the first long annealings at 200°C and 

250°C. 

The time dependence of J.L t during the second annealings is 

shown in Fig. 6. Achieving further equilibrium ~es about 2 x 106 

sec, which is almost the same as the time required for anneaJing at 

160°C (the first annealing) in Fig. 1. The value of J.L't changes from 1.0 

x 10-7 to its equilibrium value of 1.4 x 10~7 cm2N at 160°C after the 

first 200°C annealing, and changes from 0.8 x 10-7 to its equilibrium 

value of 1.5 x 10-7 cm 2N at 160°C after the first 250°C annealing. A 

maximum value of J.L t appears just before its equilibrium during both 

160°C annealings as well as during the first annealing. 

The relaxation data for Ns during the second annealings are 

shown in Fig. 7. The equilibrium J.Lt -values of 1.4 x 107 and 1.5 x 

107c m 2N are equivalent to Ns of 1.8 x 1015 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 eqs. (7) - (10), becomes 

with 

and 

Ns(t) = Nr + [(1 - XTl)Ni - (1 - xT2)Nr]exp[-(t I tRl)Pl] 

+ (XTIN i - ,XT2N r)exp[ -(t I tR2)P2] 

Nfl = (1 - XT2)Nr, 

(13) , 

(13a) 

(13b) 

(13c) 

(13d) 

where XTI and XT2 are the values of XT at the temperatures of the 

first and the second annealing. The curve of Ns from eq. (13) is about 

the same as the experimental results shown in Fig. 7. This fact 

supports the presence of M2, which corresponds to the two-term 

exponential form. If the single-term exponential form were used to 

calculate the relaxation time in our experiment, the values would be 
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7 x lOS sec for the second annealing after the long annealing at 

200°C~ 3 x 105 sec for the second annealing after the long annealing 

at 250°C, and 7 x 1 ()4 sec for the iust annealing after the short 

annealing 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 Ni1~ Ni2, Nfl, and Nf2 for the two exponential terms. The 

relaxation times tR 1 and tR2, and the dispersion parameters Ii 1 and fh, 

are the same. Therefore it is assumed that the defect relaxation 

depends on the difference in. the initial defect distributions in the 

metastable states. 

The final Ns values, Nfl and Nf2, 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 presence 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 metastable state, Ml, and a new Si-H bond are 
\... . 

created. 4) In our study, we suggest that a mobile hydrogen, which 

has created a Si-H bond where a weak Si-Si bond used to be, is 

released again and breaks another weak bond, then a new 

metastable state is created at M2 and a weak Si-Si bond is created 

again where Ml used to be. 

14 



3.2 Electron mobility 

- The time dependence of J.1 for the first and second annealings 

are shown in Fig. 8(a) and 8(b), respectively. A small change 

correlated to the J.1 't is seen, and a' maximum value of J.1 appear about 

the same time as that of J.1't. During the first 160°C annealing, J.1 

changes from 1.07 to 1.23 cm2Ns at its equilibrium .. Generally the 

carrier mobility is reduced by scattering, which increases with the 

degree of disorder, and the energy of the mobility edge within the 

band also depends on the degree of disorder. 18) When metastable 

defects are introduced by quenching-in at the initial FC, th€? degree of 

disorder in the a-Si:H rises and the mobility edge within the band 

becomes less steep. As metastable defects decrease during annealing, . . 

the degree of disorder decreases and the mobility edge becomes 

steeper. Since the relative change of J.1 is smaller than that of J.1 't, the 

relative change of the degree of disorder is also smaller than that of 

N s. The degree of disorder, which will be discussed in the next 

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 350MPa. In Fig. 9, no change in internal 
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stress was observ.ed within the experimental uncertainty. The origin 

of stress, as well as the degree of disorder, should be due to the Si-Si 

network and Si-H bond structure. Though mobile hydrogen can 

change the network 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 

(N B w) at the initial annealing stage will be written as 

N B W = (Ni - Nf) I 2. (14) 

In this study, NBW is 2 x 1015 cm-3 for a 160°C annealing. 'This value 

is between 2 x 10-8 and 3 x 10-8 times as low as the total' number of 

Si-Si bonds. Th~refore it is assumed that metastable:-state density 

changes, which are caused by mobile hydrogen, are not enough to 

cause the structural change which affects the observable change in 

the stress at temperatures between 160° and 250°C, temperatures 

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 changed slightly, resulting in a relatively small 

change of fJ.. It is concluded that the change in metastable-state 

densities may affect some kinds of film properties along the 

following lines:J.l't and Ns change by factors of 5; fJ. changes by 15 %; 

and changes in stress are not observable~ 
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4. CONCLUSIONS 

TOF measurements provide relaxation data for mobility­

lifetime products (J.1't) and mobilities (J.1) of electrons in undoped a­

Si:H. Thermal equilibration spin ~ensity (Ns) derived from J.1't is 

observed between 160° and 250°C. The 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 eVe The thermal 

equilibrium Ns increases with temperature with an activation energy 

of 0.20 to 0.30 eVe Relaxation data, including the data for the second 

annealings, confirm the presence of a multivalley energy 

configuration at the metastable states. 

Compared with the J.1 't change, there is a slight increase in J.1, 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: J.1't and Ns change by factors of 5; J.1 changes 

by 15 %; and changes in stress are not observable. 
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Fig. 1. Time dependence of JI.'t during annealings at different 

temperatures after quenching from 300°C. 
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temperatures after quenching from 300°C. The curves are the results 

fitted with eq. (12). 
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Fig. 3. Multivalley energy configuration graph, showing the 

metastable states, (Ml and M2) and the stable state (So). The figure is 

explained in the text. 
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are the values at metastable states Ml and MZ. 
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Fig. 6. Time dependence of J.L't during the secondannealings at 160°C. 

The 160°C annealing following the 200°C annealing is shown by 

squares, and the 160°C annealing following the 250°C annealing is 

shown by triangles. The curves are guides for the eye. 
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Fig. 7. Relaxation data for the spin densities at 160°C. Spin density 

during the 160°C annealing following the 200°C annealing is shown 

by squares, and spin density during the" 160°C annealing following 

the 250°C annealing is shown by triangles. The curves are the results 

fitted with eq. (13). 
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Fig. 8(a). Time dependence of J.1 during annealings at different 

temperatures after quenching from 300°C. 
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Fig. 8(b). Time dependence of 1.1. during the second annealings at 

160°C. The 160°C annealing following -the 200°C annealing is shown 

by squares, and the 160°C annealing following the 250°C annealing is 

shown by triangles. 
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Fig. 9. Time dependence of normalized internal stress during 

annealings at different temperatures: After the 160°C annealings 

begin, the data from those annealings as 'well as from the earlier 

200°C and 250°C annealing are included. The time dependence 

. dunng the 20QoC annealing' and the 160°C annealing following it is 

shown by squares. The time dependence during the 250°C annealing 

and the 160°C annealing following it is shown· by triangles. 
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Table I. Fitting parameters used with Eq. (12) for the 
curves shown in Fig. 2 . 

annealing temperature 160°C 20QoC 250°C 

Ni (1015 cm~3) 5.02 5.97 6.04 
Nf (1015 cm-3) 1.12 2.39 3.29 

xT 0.40 0.45 0.30 

tRl (sec) 8x 104 2 x 103 5.5 x 102 

tR2 (sec) 8x 105 2.S X 104 4 x 103 

f)1 0.65 0.65 0.60 

f)2 0.80 0.80 0.80 
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