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Unification of the time and temperature dependence of dangling-bond-defect creation
and removal in amorphous-silicon thin-film transistors

S. C. Deane, R. B. Wehrspohn,* and M. J. Powell
Philips Research Laboratories, Redhill, Surrey, RH1 5HA, United Kingdom

~Received 26 June 1998!

We present a thermalization-energy concept that unifies the time and temperature dependence of Si
dangling-bond-defect creation and removal in amorphous-silicon thin-film transistors. There is a distribution of
energy barriers for defect creation and removal, with the most probable energy barrier being 1.0 eV for defect
creation and between 1.1 and 1.5 eV for defect removal, depending on how the defects were initially created.
We suggest defect creation proceeds via Si-Si bond breaking, whereas defect removal proceeds by release of
H from a SiHD complex.@S0163-1829~98!00243-4#
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Thin-film transistors made from hydrogenated amorph
silicon exhibit metastable changes of the threshold volt
after prolonged applied bias to the gate electrode. Rea
for the threshold voltage shift have been discussed in
literature: Initially, charge trapping in the insulator was pr
posed as the instability mechanism.1 However, measure
ments on ambipolar TFT’s~Ref. 2! and the fact that the
instability does not depend on the insulator (a-Si-N:H or
SiO2!

3 have unambiguously shown that the threshold volta
shift in the low-voltage stress region is due to metasta
defect creation in the amorphous-silicon layer.

Metastable defect creation has been studied extensi
for light-induced defects~Staebler-Wronski effect!. How-
ever, there is still no consensus about the nature of the li
induced defects. The study of carrier-induced defect crea
has mainly two advantages in comparison to light-induc
defects: First,onetype of carrier is present only~either elec-
trons or holes depending on the type of the device!. This
facilitates the analysis of defect creation since no electr
hole recombination models have to be taken into acco
Second, athermal barrier for defect creation exists. Fo
light-induced defect creation the recombination of
electron-hole pair provides the defect-breaking energy
the defect-creation process is essentially temperature i
pendent providing no information about the energy barrie

The threshold voltage shift during low-bias stress is g
erally fitted by a stretched exponential$12exp@2(t/t0)

b#%,
where experimentallyt0 exhibits an activated behavio
@ t05n21exp(Ea /kT)# and b is a slowly varying function of
temperature. Several models have been proposed to acc
for this stretched exponential behavior,4–6 which all result in
the same differential equation:

dDNDB

dt
}2~DNDB!atb21 ~1!

whereDNDB is the number of metastable dangling bonds a
a51 in order to obtain a stretched exponential.

The proposed models can be summarized into essent
two groups depending on the rate-limiting step during def
creation. This step is either the charge-induced breaking
the silicon-silicon bond ~exponential barrier-distribution
model6! or the stabilization of a broken bond by hydrog
PRB 580163-1829/98/58~19!/12625~4!/$15.00
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~dispersive hydrogen-diffusion model4,5!. Note that both of
these models make the assumption thatT/b is a constant,
equal to the Urbach energy. It has been recently shown
this assumption could only be maintained over a quite sm
temperature range and thatb becomes temperature indepe
dent forT.360 K.7 Moreover, in the linear range,b seems
not to be proportional toT but exhibits a linear behavio
(b5T/T02b0) which could not be explained by any of th
proposed models.

The bias stress experiments have been carried out on-
type, silicon-nitride gate insulatora-Si:H TFT’s deposited at
300 °C on crystalline silicon wafers. The preparation con
tions were reported elsewhere.8 All TFT’s have been an-
nealed at 500 K before the stress experiment in order to h
identical initial conditions.

In Fig. 1, typical bias-stress curves forVbias530 V, t
5105 s, and T5303, 343, and 383 K are plotted a
2 ln$DVt(t)/@V(`)2V(0)#11% over t on a double-logarithmic
scale, whereV(`) is the applied gate bias andV(0) is the
initial threshold voltage. In this format, a stretched expon
tial dependence gives a straight line. The 303 K bias-str
curve exhibits a stretched exponential behavior over
range measured. However, forT5343 K a stretched expo
nential can be obtained only fort,104 s, and for T
5383 K there is no stretched exponential behavior. From
linear fits, b and t0 can be determined. The parametert0
exhibits an activated behavior with an activation energy
about 0.99 eV and a corresponding attempt-to-escape
quency of about 1010 Hz. The parameterb exhibits a linear
relationship withT up to 363 K and then saturates at a val
of 0.52. In the linear regime,T05450 K and an offset of
aboutb0520.28 has been obtained. These results are q
similar to those obtained in Ref. 7. Note that there are sev
possible ways to determineb from the bias-stress data. On
may either directly fit the data by a stretched exponen
least-square fit or make a power-law fit for small time sca
as was done earlier.9 These two methods, and that describ
above, have been applied for theT5303, 343, and 373 K
experiments. Whereas for the 303 K, all methods give
same parameters, for theT5343 K and theT5383 K ex-
periments, a strong variation mainly in theb parameter is
obtained. Therefore, theb parameter is not a good way t
describe the degree of instability of a TFT.
12 625 ©1998 The American Physical Society
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A unique description of the instability with stronge
physical meaning is given by the thermalization-energy c
cept. It has been shown by various techniques, e.g., fi
effect analysis, that metastable defects~here in units of
cm22! are created during bias stress according to
relationship3

DNDB'
«0« ins

qdins
DVt, ~2!

where« ins anddins are the dielectric constant and the thic
ness of the insulator, respectively.

In analogy to the equilibrium-defect reaction,10 these
metastable defects created during bias stress could onl
stable if hydrogen motion is involved. Thus, quite gene
overall creation reactions are

Si2Si1SiH→
e2

SiHD1D ~3a!

or

Si2Si1SiHHSi→
e2

2SiHD, ~3b!

where the defects D or SiHD are either charged or neutr
It has been shown that defect creation during bias-st

exhibits an activated behavior~contrary to defect creation b

FIG. 1. Threshold voltage shifts during bias stress (Vbias

530 V) for T5303 ~a!, 343 ~b! and 383 K ~c! on a log10

@2ln$DVt /@V(`)2V(0)#11%# vs log10(t) plot. The data have bee
fitted to a stretched exponential$12exp@2(t/t0)

b#%, which reads a
straight line in this format.
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light soaking!. This implies that a thermal barrier for defe
creation exists during bias stress. In thermal equilibriu
~;500 K!, this barrier is not important and the detailed ba
ance of defect creation and removal is governed by the
mation energy of the defects. It has been shown recen10

that defects created at equilibrium can be described wit
hydrogen density-of-states diagram~Fig. 2!. In this picture,
the maximum of the equilibrium-defect distribution is at th
energetically lowest level, i.e., mainly Si-Si bonds with hig
strain or distortion have converted to dangling bonds. Si
this is an equilibrium process, the intermediate steps to ar
at this distribution, for example, trapping of hydrogen
breaking a Si-Si bond and hydrogen release involving
rebonding of the two silicon atoms, are not relevant for t
solution of the equilibrium model. However, in nonequilib
rium, the specific intermediate step depends mainly on
energy barrier and not on the formation energy.

Assuming a monomolecular-creation mechanism, the c
ation kinetics for a unique activation energy would be
simple exponential in contradiction with the experimen
results~Fig. 1!. Following Stutzmann, Jackson, and Tsai11

we therefore assume a distribution of energy barriersD(Ea),
which could account for the observed kinetic behavior. T
distribution may be either due to a distribution of grou
states~weak bonds!, a distribution of barrier heights, or both
To a first-order approximation, after a timet at a temperature
kT all possible defect-creation sites withEa<kT ln(nt) will
then have converted into defects. The thermalization ene
is therefore defined by

E5kT ln~nt !, ~4!

wheren is the attempt-to-escape frequency.

FIG. 2. Model of the hydrogen density of states~H-DOS! after
Ref. 10. Here, only the transition Si-Si⇔SiHD is represented (h0/1

transition!. In equilibrium without applied bias, defects are creat
around the hydrogen chemical potential in the lower part of theh0/1

tail. If the Fermi level changes~doping, bias stress, light soaking!,
the absolute H-DOS tail-state density shifts towards higher valu
During bias stress, defects are created mainly in the upper pa
the H-DOS and then thermalize down theh0/1 tail depending on the
temperature at which they have been created.
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Now, we apply the concept of thermalization energy
the bias-stress data@Figs. 1~a!–1~c!#. Figure 3 shows the
threshold voltage shift as function of the thermalization e
ergy for a series of bias-stress experiments carried ou
temperatures between 303 and 403 K. A unique curve
obtained with onlyone fit parameter, the attempt-to-esca
frequency, which we find to be about 1010 Hz. An even
clearer physical picture is given by the derivative of the bi
stress curve, i.e., the number of created defects per ther
ization energy interval~Fig. 4!. The maximum of this distri-
bution represents the most likely defect-creation ene
barrier and the width of the curve reflects the probabi
distribution of energy barriers, i.e., the density of possi
sites with a barrierEa multiplied by the probability of occu-
pation of such site. These parameters give a unique ind
tion of the device stability in that they allow accurate scali
to all times and temperatures. In Fig. 4, the maximum of
distribution is at about 0.975 eV and its full width at ha
maximum is about 0.18 eV.

In both the hydrogen diffusion model4 and the exponentia
barrier distribution model,6 a stretched exponential as
function of the thermalization energy will then rea
exp$2exp@(E2Ea)/kT0#% assuming thatb is proportional to
the temperature andt0 is activated with an activation energ
of Ea . Plotting a stretched exponential as a function of
thermalization energy is shown in Fig. 3. The stretched
ponential still describes the data reasonably well forE
,0.95 eV but forE.0.95 eV, the experimental curve exhib
its a clear deviation. A possible explanation may lie in t
bandtail-carrier dependence. To obtain a stretched expo
tial, the defect-creation rate has to be proportional to
number of excess bandtail carriersDNBT , i.e., a51 in Eq.
~1!. However, we find experimentally by varying the ga
bias that the defect-creation rate is proportional to (DNBT)a

with a between 1.5 and 1.7~in agreement with Ref. 12!.
Solving Eq.~1! for a51.5, we obtainDVt}@(t/t0)b11#22

and a much better fit for thermalization energiesE
.0.95 eV is obtained~Fig. 3!. For E,0.95 eV, a stretched
exponential and the solution fora51.5 are nearly identica
since the number of bandtail carriers remains approxima

FIG. 3. Threshold voltage shifts (Vbias530 V) for different
times (1,t,105 s) and temperatures (303 K,T,403 K) unified
in terms of the thermalization energyE5kT ln(vt). The solutions
of Eq. ~1! for a51 ~stretched exponential, plotted as dashed lin!
and for a51.5 ~solid line! as a function of the thermalization en
ergy are shown for comparison~see text!.
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constant (NDB!NBT) in this region of the curve. Calculating
b by the new formula as a function of the temperature
linear relationship is obtained withT05720 K andb050.
The value of a.1 could result either from a carrier
dependent hydrogen-diffusion constant6 or from an addi-
tional weakening of an occupied conduction-bandtail state
multielectron interaction. However, the elegance of the th
malization energy concept is that it is independent of th
specific microscopic mechanisms.

The same concept of thermalization energy can also
applied to defect removal as reported previously.13 It has
been shown previously that samples where defects have
created by bias stress show an energy-barrier distribution
defect removal with a maximum around 1.1–1.4 eV depe
ing on the time and temperature at which the defects w
created. For samples where defects are created by bias
nealing~bias applied during equilibration!, the maximum of
the energy distribution of defect removal shifts to about 1
eV as shown in Fig. 4.All states, whether created by bia
stress or bias anneal are subsequently removed with
attempt-to-escape frequency of about 1013 Hz.

These distributions can be interpreted by different th
malization depths. During defect creation, a silicon-silic
bond may be broken even if the formation energy is not a
minimum. The SiHD complex then tries to minimize its e
ergy by breaking another silicon weak bond with a low
formation energy:

Si2Siweak1SiHD→SiHD1Si2Sistrong. ~5!

This process can be understood as a thermalization of
SiHD defect in theh0/1 hydrogen density of states~Fig. 2!, in
analogy with an electron that thermalizes down the ba
tails.10

Comparing defect creation and removal shows that
defect-creation process (Ea50.975 with n051010 Hz! and
the defect-removal process (Ea51.1– 1.5 eV with n0

FIG. 4. Probability distribution of activation energies for defe
creation and defect removal. The data have been obtained by ta
the derivative of the threshold voltage shifts for defect creat
~Fig. 3! and defect relaxation. In the latter case, threshold volt
shifts have been determined by annealing the device without
plied bias to different temperatures after bias stress (Vbias530 V) at
500 K for 1h. The derivative of the solution of Eq.~1! for a51
~stretched exponential, plotted as dashed line! and fora51.5 ~solid
line! as a function of the thermalization energy are shown for co
parison~see text!.
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51013 Hz! have different barrier heights and different pre
actors. Due to the thermalization of the SiHD defect in t
hydrogen density of state~DOS!, the defect creation path i
not the same as the defect-removal reaction. A plaus
defect-creation reaction is the breaking of a weak Si-Si bo
its saturation by back-bonded hydrogen, and thenlocal
switching of the SiHD defect in order to minimize its ener
in the H-DOS~Fig. 2!. On the other hand, defect removal
more likely due to the release of hydrogen out of a SiH
complex and then involveslong-rangeinterstitial hydrogen
motion. This picture is supported by the fact that the attem
to-escape prefactors for defect removal and defect crea
are significantly different. Whereas 1013 Hz is the typical
phonon frequency of a Si-H bond, the lower frequency
1010 Hz for defect creation might result from a stronger la
tice coupling as expected for Si-Si bonds.

Finally, our results show strong similarities to those o
tained by light soaking indicating similar microscopic pr
cesses. For defect removal, Stutzmann, Jackson, and T11

have found an energy-barrier distribution that peaks at
eV for defects created at room temperature and about 1.2
e

le
d,

t-
on

f

-

ai
.1
or

post-annealed samples (Ta5110 °C). Even if these differen
maxima have been initially interpreted by a distribution
defect energies,11 these values are in good agreement w
our defect removal data,13 and could also be explained in th
concept of thermalization in the hydrogen DOS~Fig. 2!.

In conclusion, we have shown that the concept of therm
ization energy gives a description for defect creation a
removal over a wide range of times and temperatures in
pendently of the specific microscopic mechanisms. T
width and the peak position of the distribution of activatio
energies give a good indication for the stability of the dev
with a strong physical meaning. The most probable ene
barrier during defect creation is around 1 eV with a cor
sponding attempt-to-escape frequencyn51010 Hz, whereas
for defect removaln51013 Hz and the most probable energ
barrier lies between 1.1 and 1.5 eV depending on the t
perature at which the defects have been created. This i
cates that the microscopic reaction paths involved in de
creation and defect removal are different with different ra
limiting steps.
tt.
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