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Unification of the time and temperature dependence of dangling-bond-defect creation
and removal in amorphous-silicon thin-film transistors
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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[S0163-182@08)00243-4

Thin-film transistors made from hydrogenated amorphougdispersive hydrogen-diffusion modg). Note that both of
silicon exhibit metastable changes of the threshold voltagéghese models make the assumption thg8 is a constant,
after prolonged applied bias to the gate electrode. Reasomgsjual to the Urbach energy. It has been recently shown that
for the threshold voltage shift have been discussed in th&his assumption could only be maintained over a quite small
literature: Initially, charge trapping in the insulator was pro-temperature range and thatbecomes temperature indepen-
posed as the instability mechanidmHowever, measure- dent forT>360 K.” Moreover, in the linear rangeg seems
ments on ambipolar TFT'§Ref. 2 and the fact that the not to be proportional tor but exhibits a linear behavior
instability does not depend on the insulata-%i-N:H or  (B=T/To— Bo) which could not be explained by any of the
Si0,)® have unambiguously shown that the threshold voltagéroposed models. . .
shift in the low-voltage stress region is due to metastable The bias stress experiments have been carried outon
defect creation in the amorphous-silicon layer. type, silicon-nitride gate insulat@-Si:H TFT's deposited at

Metastable defect creation has been studied extensive00 °C on crystalline silicon wafers. The preparation condi-
for light-induced defectsStaebler-Wronski effest How-  tlons were reported elsewhefeAll TFT's have been an-
ever, there is still no consensus about the nature of the lighff€aled at 500 K before the stress experiment in order to have
induced defects. The study of carrier-induced defect creatiotfentical initial conditions.
has mainly two advantages in comparison to light-induced N Fig. 1, typical bias-stress curves fo,s=30V, t
defects: Firstonetype of carrier is present onkgither elec- =10°S, and T=303, 343, and 383 K are plotted as
trons or holes depending on the type of the devidis  — IN{AV()/[V(*)—V(0)]+1} overt on a double-logarithmic
facilitates the analysis of defect creation since no electronscale, where/(«) is the applied gate bias and(0) is the
hole recombination models have to be taken into accounthitial threshold voltage. In this format, a stretched exponen-
Second, athermal barrier for defect creation exists. For tial dependence gives a straight line. The 303 K bias-stress
light-induced defect creation the recombination of ancurve exhibits a stretched exponential behavior over the
electron-hole pair provides the defect-breaking energy antenge measured. However, for=343 K a stretched expo-
the defect-creation process is essentially temperature ind@ential can be obtained only fot<10*s, and for T
pendent providing no information about the energy barrier. =383 K there is no stretched exponential behavior. From the

The threshold voltage shift during low-bias stress is genlinear fits, 8 and t, can be determined. The parametgr
erally fitted by a stretched exponentifl —exd — (t/ty)?}, exhibits an activated behavior with an activation energy of
where experimentallyt, exhibits an activated behavior about 0.99 eV and a corresponding attempt-to-escape fre-
[to=v lexpE,/kT)] and B is a slowly varying function of ~quency of about 19 Hz. The parameteg exhibits a linear
temperature. Several models have been proposed to accougtationship withT up to 363 K and then saturates at a value
for this stretched exponential behavfof,which all resultin ~ of 0.52. In the linear regimeT,=450 K and an offset of

the same differential equation: aboutB,= —0.28 has been obtained. These results are quite
similar to those obtained in Ref. 7. Note that there are several

dANpg w1 possible ways to determing from the bias-stress data. One
dt «—(ANpg)“t D may either directly fit the data by a stretched exponential

least-square fit or make a power-law fit for small time scales

whereANpyg is the number of metastable dangling bonds ancas was done earliérThese two methods, and that described
a=1 in order to obtain a stretched exponential. above, have been applied for tiie=303, 343, and 373 K

The proposed models can be summarized into essentialgxperiments. Whereas for the 303 K, all methods give the
two groups depending on the rate-limiting step during defeckame parameters, for the=343 K and theT=383 K ex-
creation. This step is either the charge-induced breaking gferiments, a strong variation mainly in thg parameter is
the silicon-silicon bond (exponential barrier-distribution obtained. Therefore, thg parameter is not a good way to
modef) or the stabilization of a broken bond by hydrogen describe the degree of instability of a TFT.
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FIG. 2. Model of the hydrogen density of staigsDOYS) after
Ref. 10. Here, only the transition Si<S5iHD is representedh®’*
transition). In equilibrium without applied bias, defects are created
around the hydrogen chemical potential in the lower part ohflfe
tail. If the Fermi level change&loping, bias stress, light soaking
the absolute H-DOS tail-state density shifts towards higher values.
During bias stress, defects are created mainly in the upper part of
(c) the H-DOS and then thermalize down th¥! tail depending on the
10 100 1000 10000 100000 temperature at which they have been created.

TIME (s)

light soaking. This implies that a thermal barrier for defect

FIG. 1. Threshold voltage shifts during bias stresg,f  creation exists during bias stress. In thermal equilibrium
=30V) for T=303 (a), 343 (b) and 383 K (c) on a log, (~500 K), this barrier is not important and the detailed bal-
[—I{AV,/[V()—V(0)]+1}] vs logt) plot. The data have been ance of defect creation and removal is governed by the for-
fitted to a stretched exponentifil —exd —(t/to)’]}, which reads a mation energy of the defects. It has been shown rec@ntly
straight line in this format. that defects created at equilibrium can be described with a

hydrogen density-of-states diagrdiffig. 2). In this picture,

A unique description of the instability with stronger the maximum of the equilibrium-defect distribution is at the
physical meaning is given by the thermalization-energy conenergetically lowest level, i.e., mainly Si-Si bonds with high
cept. It has been shown by various techniques, e.g., fieldstrain or distortion have converted to dangling bonds. Since
effect analysis, that metastable defe¢kere in units of this is an equilibrium process, the intermediate steps to arrive
cm %) are created during bias stress according to they this distribution, for example, trapping of hydrogen by

relationship breaking a Si-Si bond and hydrogen release involving the
rebonding of the two silicon atoms, are not relevant for the
- C0%ins solution of the equilibrium model. However, in nonequilib-
ANpg AV, (2 ; o . .
qdins rium, the specific intermediate step depends mainly on the

k. €nergy barrier and not on the formation energy.
Assuming a monomolecular-creation mechanism, the cre-
ation kinetics for a unique activation energy would be a
imple exponential in contradiction with the experimental
results(Fig. 1). Following Stutzmann, Jackson, and T¥ai,
we therefore assume a distribution of energy bari(g,),
which could account for the observed kinetic behavior. This
e distribution may be either due to a distribution of ground
Si—Si+SiH — SiHD+D (38 stategweak bonds a distribution of barrier heights, or both.
To a first-order approximation, after a tinhat a temperature
KT all possible defect-creation sites wil,<kT In(zt) will

o e then have converted into defects. The thermalization energy

where the defects D or SiHD are either charged or neutral. E=KT In(st) @
It has been shown that defect creation during bias-stress N vt
exhibits an activated behavi¢contrary to defect creation by wherev is the attempt-to-escape frequency.

wheree;,s andd;,s are the dielectric constant and the thic
ness of the insulator, respectively.

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

or
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FIG. 3. Threshold voltage shiftsV(;,—=30V) for different FIG. 4. Probability distribution of activation energies for defect

times (1<t<10° s) and temperatures (303K <403 K) unified  creation and defect removal. The data have been obtained by taking
in terms of the thermalization enerdy=kT In(vt). The solutions the derivative of the threshold voltage shifts for defect creation
of Eq. (1) for a=1 (stretched exponential, plotted as dashed)line (Fig. 3) and defect relaxation. In the latter case, threshold voltage
and for = 1.5 (solid line) as a function of the thermalization en- shifts have been determined by annealing the device without ap-
ergy are shown for comparisdeee text plied bias to different temperatures after bias str&gg,=30 V) at
500 K for 1h. The derivative of the solution of Eql) for a=1
Now, we apply the concept of thermalization energy tc)(stretched exponential, plotted as dashed) larel fora= 1.5 (solid
L . . line) as a function of the thermalization energy are shown for com-
the bias-stress datdrigs. Xa)—1(c)]. Figure 3 shows the parison(see text
threshold voltage shift as function of the thermalization en-

ergy for a series of bias-stress experiments carried out at . . . .
) ) < .
temperatures between 303 and 403 K. A unique curve l%onstant(\lDB Ner) in this region of the curve. Calculating

: ; ' %’ by the new formula as a function of the temperature, a
obtained with pnlyonefl_t parameter, the 1%ttempt—to—escape“near relationship is obtained witfiy=720 K and 8,=0.
frequency, V.Vh'Ch.We f|_nd _to be about .CHZ.' An EVEN  The value of a>1 could result either from a carrier-
clearer physical picture is given by the derivative of the b'as'qependent hydrogen-diffusion consfar from an addi-
i‘c’zt;?izsn %unr;/f’ I?ntetrr:/i\drlé?m%a r'?gecrrﬁ:;?ggrif%?tshig e(;itsrt]ﬁ_rmahbnal weakening of an occupied conduction-bandtail state by
bution re rggents the %‘105',[ likelv defect-creation ener multielectron interaction. However, the elegance of the ther-

: P . y =" Palization energy concept is that it is independent of these
barrier and the width of the curve reflects the probabllltySpeCifiC microscopic mechanisms
d.IStI’Ibu'tIOI’I of energy bamgrs, Le., the dens'it.y of possible The same concept of thermali.zation energy can also be
S|te_s with a ba”'.eEa multiplied by the prqbablllty pf oceu- applied to defect removal as reported previodslyt has
pation of SUCh. site. Th_esg parameters give a unique 'm.j'c%'een shown previously that samples where defects have been
tion of_the device stability in that th?y allow accurate SCalmgcreated by bias stress show an energy-barrier distribution for
to aI_I times z_:md temperatures. In Fig. 4, the maximum of thedefect removal with a maximum around 1.1-1.4 eV depend-
distribution is at about 0.975 eV and its full width at half ing on the time and temperature at which thé defects were
mell)rglrggtrr? tlsear?oolljrtoo-elr? d?f\f/ﬁsion modaind the exponential created. For samples where defects are created by bias an-
barrier distribui/ion gmodeﬁ a stretched ex oneﬁtial as a nealing(bias applied during equilibrationthe maximum of

; D pC the energy distribution of defect removal shifts to about 1.5
function of the thermallzat[on energy wil then read eV as shown in Fig. 4All states, whether created by bias
exp{—exp{(E—Ea)/kTo]} assuming th_a]B IS prqporﬂonal to stress or bias anneal are subsequently removed with an
the temperature antg is activated with an activation energy attempt-to-escape frequency of about3liez
Of E,. I_DlotFing a stretc_hed expo_nen;ial as a function of the These distributions can be interpreted 'by different ther-
therm?]lzlatlglr: Znergybls s?howré Irt] Fig. 3. Thlfl stret(I:Ih%j ®Xmalization depths. During defect creation, a silicon-silicon
p<0(?2r5] 'avs Itf és;g ;55 Veth ata ref’;\son? | y we h'rb bond may be broken even if the formation energy is not at a
=U.9> eV butior==>0.95 eV, the experimental Curve exniD- yininym. The SiHD complex then tries to minimize its en-
its a clgar dgwatmn. A possible explanation may lie in theergy by breaking another silicon weak bond with a lower
bandtail-carrier dependence. To obtain a stretched eXPONefs - ~ion energy:
tial, the defect-creation rate has to be proportional to the ’
number of excess bandtail carriekdNgr, i.e., «=1 in Eq. Si—Si, o+ SIHD—SiHD+Si—Si (5)
(1). However, we find experimentally by varying the gate e strong

bias that the defect-creation rate is proportional ANg)“  This process can be understood as a thermalization of the
with « between 1.5 and 1.7in agreement with Ref. 2  SiHD defect in then®* hydrogen density of statéFig. 2), in
Solving Eq.(1) for a=1.5, we obtaimAV,x[(t/t)?+1]7?  analogy with an electron that thermalizes down the band
and a much better fit for thermalization energi€ tails®

>0.95 eV is obtainedFig. 3. For E<0.95 eV, a stretched Comparing defect creation and removal shows that the
exponential and the solution far=1.5 are nearly identical defect-creation processE{=0.975 with v,=10'"Hz) and
since the number of bandtail carriers remains approximatelyhe defect-removal processE{=1.1-1.5eV with v,
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=10" Hz) have different barrier heights and different pref- post-annealed sample$ (=110 °C). Even if these different
actors. Due to the thermalization of the SiHD defect in themaxima have been initially interpreted by a distribution of
hydrogen density of statdOS), the defect creation path is defect energie& these values are in good agreement with
not the same as the defect-removal reaction. A plausiblgy defect removal datd,and could also be explained in the
Qefect-crea_tlon reaction is the breaking of a weak Si-Si bo”dconcept of thermalization in the hydrogen DQSg. 2.

its saturation by back-bonded hydrogen, and thecal In conclusion, we have shown that the concept of thermal-

switching of the SiHD defect in order to minimize its energy i yiq, energy gives a description for defect creation and
in the H-DOS(Fig. 2). On the other hand, defect removal is removal over a wide range of times and temperatures inde-

more likely due to the release of hydrogen out of a SIHDpendently of the specific microscopic mechanisms. The

complex and then involvemng-rangeinterstitial hydrogen width and the peak position of the distribution of activation

motion. This picture is supported by the fact that the attempt- . . R - )
to-escape prefactors for defect removal and defect creatio [IErgIes give a gogd |nd|cat|(_)n for the stability of the device
are significantly different. Whereas ¥Hz is the typical with a strong physical meaning. The most probable energy

phonon frequency of a Si-H bond, the lower frequency oftarrier during defect creation is around 1 eV with a corre-
’ H 0
101° Hz for defect creation might result from a stronger lat- SPonding attempt-to-escape frequency 10" Hz, whereas
tice coupling as expected for Si-Si bonds. for defect removab= 10" Hz and the most probable energy
Finally, our results show strong similarities to those ob-barrier lies between 1.1 and 1.5 eV depending on the tem-
tained by light soaking indicating similar microscopic pro- Perature at which the defects have been created. This indi-
cesses. For defect removal, Stutzmann, Jackson, and Tsafates that the microscopic reaction paths involved in defect
have found an energy-barrier distribution that peaks at 1.treation and defect removal are different with different rate-
eV for defects created at room temperature and about 1.2 fdimiting steps.
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