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Theoretical and experimental study of the quasistatic capacitance
of metal-insulator—hydrogenated amorphous silicon structures:
Strong evidence for the defect-pool model
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The density of localized states in hydrogenated amorphous silige8i:H) is studied by means of the
guasistatic capacitance technique applied to metal-insuda®irH structures. Calculations in the framework
of the defect-pool model show that the changes in the quasistatic capacitance versus gate bidag=@Ves
curves after bias annealing reveal the changes in the density of dangling-bond states predicted by the model,
and are sensitive to the defect-pool parameters. The comparison of theoretical gs-CV curves with experimental
curves obtained in a wide range of bias-anneal voltagg®n several kinds of structurétop gate oxide, top
gate nitride, and the most commonly used bottom gate nitride strutsiresigly support the defect-pool
model, and values for the model parameters are deduced. It is shown that for all structures the dominant
phenomenon for bias annealing at positig, (i.e., under electron accumulatiois the creation of defects in
the lower part of the gap in thee-Si:H. Bias annealing under hole accumulation reveals the creation of defects
in the upper part of the gap @f Si:H, but the precise dependence of the gs-CV curves Mpguaepends on
the nature of the insulatoa-Si:H interface. In particular, it is affected by a higher density of interface trap
levels in the top gate nitride structures, and by hole injection and trapping froas 8ig into the nitride layer
in the bottom gate nitride structurd$0163-182@08)03040-9

I. INTRODUCTION the rear interfacéi.e., the interface between the semiconduc-
tor and the substratdecause the active semiconductor layer
The defect pool model has been attracting much attentiors very thin in TFT’s in order to avoid high access and con-
for several years, since it gives a coherent picture of théact resistance€:?® These drawbacks can be avoided by us-
formation and equilibration of silicon dangling bonds in hy-ing the quasistatic capacitance of metal-insulator—
drogenated amorphous silicom-Si:H). The basic idea is semiconductor(MIS) structures. Indeed, in MIS structures
that silicon dangling bonds can form at different energies inthe a-Si:H layer can be made much thicker than in TFT's,
potential defect sitethe defect poglfrom the breaking of since the quasistatic capacitance does not depend on the re-
silicon-silicon weak bonds characterized by the valence-bandistance of the semiconductor. Furthermore, the curve of the
tail.1 > Several microscopic reactions with different contribu- quasistatic capacitance as a function of the gate (gg<V)
tions of the hydrogen atoms have been studied, but they atif MIS structures is known to reflect the shape of the inter-
lead to rather similar expressions of the density of stateface trap density in the case of crystalline semiconductors. In
(DOS) due to dangling bonds:1® The major feature of this a recent paper, we extended the study of the quasistatic ca-
DOS is the dependence upon the Fermi level, which is due tpacitance of MIS structures to the case of amorphous semi-
the minimization of the free energy of the system. In particu-conductors, and showed that a simple treatment of the gs-CV
lar, it is found that dangling bonds form at energies belowdata can be used to derive the variation of the DOS as a
midgap if the Fermi level is close to the conduction bandfunction of the energy*® However, this simple treatment
whereas they form in the upper part of the gap if the Fermimight not be used if the semiconductor is nonhomogeneous.
level lies closer to the valence band. This dependence upobherefore, we developed a computer modeling to calculate
the Fermi level is of critical importance when consideringthe gs-CV curves in the framework of the defect pool model,
field-effect devices, wherein the position of the Fermi leveland demonstrated that the quasistatic capacitance still re-
relatively to the band edges can be controlled by applying anains a powerful tool to study the defects in theSi:H
gate bias. layer, the shape of the gs-CV curve providing an image of
The metastability of-Si:H thin-film transistordTFT's),  the DOS near the insulator/semiconductdfS) interface.
which is essentially characterized by shifts of the thresholdPreliminary results of thermal bias-annealing experiments on
voltage, has thus been explained by the modification of thaluminum/silicon dioxide (Sig)/a-Si:H top gate structures,
DOS in a-Si:H in the framework of the defect-pool in agreement with the defect-pool model, were obtafidd.
modell”*® However, threshold voltage shifts can also bethis paper, we extend the theoretical study of the quasistatic
produced by charge trapping into the insuldft®!In addi-  capacitance in the framework of the defect-pool model, and
tion, the subthreshold slope of TFT’s, that depends on thadd a lot of experimental data obtained on both top gate and
DOS in the semiconductor near the interface with the insubottom gatea-Si:H structures having different/S inter-
lator, also strongly depends on the interface state density &ces.
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In Sec. Il, we expose the theoretical bases of the calcula- Ec(¥)
tion of the quasistatic capacitance, taking into account the Pbt(X):qJ Nyp(E)[1-f(E)]dE
defect-pool DOS. We also detail the influence of the model B,
parameters on the theoretical gqs-CV curves. In Sec. Il we Ec(X)
present the different kinds of structures used in this study as —QJ Neol E)F(E)dE, ()
well as the experimental quasistatic capacitance data ob- Bu()
tained in a wide range of thermal annealing biases. FinallywhereN,(E) andNg,{E) are the densities of states in the
in Sec. IV, we discuss all these experimental results. Thealence-band tail and in the conduction-band tail, respec-
comparison with the theoretical predictions strongly supportsively, andf(E) is the probability of a tail state being occu-
the defect-pool model, and allows one to quantify the effecpied by an electron, that will be taken equal to the equilib-
of interface trap level density and charge injection into therium Fermi-Dirac function; and deep defects
insulator on these different structures.

Ec(%)
Pdd(X)ZQJ D(E)[f"(E)—f~(E)]dE, (4)
Il. MODELING OF THE QUASISTATIC CAPACITANCE Eu ()
IN THE FRAMEWORK OF THE DEFECT-POOL whereD(E) is the density of dangling-bon(DB) states at
MODEL the energ\E, i.e., the density of DB states having a “ground

The basis of the quasistatic capacitance calculation Cor{gvel”_correspond_ing to the transition between unoccupied
d P and singly occupied aE, and f*(E) and f(E) are the

sists in the resolution of Poisson’s equation, taking into ac- 2 . ;
g g robabilities of such a DB being occupied by zero or two

count the specific DOS given by the defect-pool model. we ) A L
shall consider the problem one dimensional, and assume th fectrons, respe+ct|vely6 The thermal equilibrium distribution
all quantities of interest vary only in the direction perpen- unctionsf(E), " (E),f*(E) (corresponding to a singly oc-

dicular to thel /S interface, the origin of the abscissadeing ~ CcuPied dangling bondandf~(E) are given by
taken at the interface. This assumption is fully justified ow-

ing to the geometry of the studied structures. f(E)= — (5)
1+ ex;{ KT F)
A. Determination of theoretical gs-CV curves
The calculation is performed in two steps. In the first step, 1

corresponding to the thermal bias annealing, the DOS is cal- fr(E)= E.—E 2E-—2E—U\’
culated in the whole semiconductor layer according to the 1+2 ex;{ £ ) p(F—)
bias annealing conditiontemperature and gate voltgge kT kT

Then, in the second step, this DOS is assumed frozen in, and

the quasistatic capacitance is calculated as a function of the fO(E)=2 ex;{ Br— E) f+(E),
gate bias. kT
1. Thermal bias-annealing step — 2Ep—2E-U) |
f7(E) exp< T fT(E), (6)

In this step the MIS structure is supposed to be under
thermal bias-annealing conditions, i.e., at a temperafyte whereEg is the Fermi levelk the Boltzmann constant, the
higher than the defect equilibration critical temperatlige  temperature, antd the correlation energy of the amphoteric
which is of the order of 180—200 °C in undopadSi:H.2*=2¢  dangling-bond states.

The gate voltage applied during this step, that determines the The particularity ofD (E) in the defect-pool model is that
dangling-bond defect distribution in the semiconductor layeiit depends on the Fermi-level position. In order to take this
through the induced band bending, will be called in the fol-dependence into account, we used the expressidd (&)
lowing the bias-anneal voltageV{,). To obtain both the given by Powell and Dearn#

defect distribution and the band bending, one must solve

. , : o . B(KTpa/Epg) 2
Poisson’s equation, which is written as D(E)=y pl e+ Bo ' )
fO(E) Evo
dle&(x)]
LA . where
dx p(x), ()
EUO
where £(x) is the electric field at the abscissa e is the = E,otKTpa' ®
dielectric permittivity andp(x) the charge density at that
contains three contributions: free carriers and
_ 2EU0 NUOEUO A -B BO-Z
pre(X) =0l () ~N(X)], @ yeH| e MR g Pl e LT

wherep(x) andn(x) are the densities of free holes and free
electrons, respectively, angl is the absolute value of the In these expressiong, is the characteristic width of the
electron charge; band tails valence-band tailN, is the DOS at the valence-band edge,
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H is the hydrogen concentration, aRgE) is the defect for- Introducing the electrostatic potenti(x),

mation probability at the enerdy, which is assumed to be a

Gaussian distribution centered Bt, with a characteristic

width o. Other expressions oD(E) given either by dV(x)

Schummt® or Powell and Dean¥, have also been tested. ax X, (10
Similar results can be obtained by allowing for some slight

changes in the defect-pool parameters, and we therefore

present only the results obtained using the defect-pool DO8nd taking into account thaEg—E,)(x) is simply shifted
given by Eq.(7). We note that the DOS depends on thefrom qV(x) by a constant value, we obtain from E¢b—(4)
Fermi level throughf%(E). the second order one-dimensional equation

Ec(®)
D(X)—n(X)+J (){vat(E)[l_f(E)]_Ncbt(E)f(E)+D(E)[f+(E)_f_(E)]}dE - (1Y

v

d*(Er-E,) ¢

dx? e

Two boundary conditions are needed to obtain the solutiofbe accommodated. Figuréal shows an example of the band
(EE—E,)(x) of Eqg. (11). For the first one, we assume that bending obtained at 200 °C under electron accumulation us-
the value of Ec—E,) at the rear interfacexELg) is the  ing the “standard” defect-pool parameters of Table I. In Fig.
intrinsic bulk value, that has been taken equal to 1.05 eV irl(b) we present the corresponding DOS calculated from Eg.
a-Si:H. It is worth noticing that we considex-Si:H layers  (7) as a function of both the enerdyeferred to the valence
thick enoughtypically L>6000 A) so that the semiconduc- band edgeE,) and the abscissa It is clearly observed that
tor can reach bulk equilibrium properties far from the&s  the DOS is highly nonhomogeneous, and varies rapidly near
interface. Then we can assume that the rear electrode atthe I/S interface due to the band bending, with a bump ap-
=L provides an Ohmic contact, neglecting the existence opearing in the lower part of the gap. This kind of nonhomo-
a possible band bending at this interfdtieat can be due, for geneous DOS was already emphasized by Powell and
instance, to a Schottky-type back electrode or to the presend2eane?® Figure 2a) shows an example of band bending in
of a thin doped layer We have checked that this latter as-
sumption has no consequence on the final results for the (a)
values ofL¢ we are dealing with.

The second boundary condition is related to the bias- Ec ﬁ
anneal voltageV/,, applied between the gate and rear elec-
trodes: EF

a-Si:H | Insulator

QA (Er—E,)(0)

Vpa=APys— a C. q Ey ﬁ
(Ef—E,)(Lg) &l [d(EE—E,) " Ls 02 , ot 0
- , (12 (um)
q qe; dx _ DOS
(x=0)
(cm-3ev-1y

where Ad® s is the work-function difference between the
gate metal and tha-Si:H layer, C; is the insulator capaci-
tance,¢; is the insulator dielectric permittivityl,; is the in-
sulator thicknessl_ ¢ is thea-Si:H layer thickness, and is
the area of the MIS structurer;, is the areal density of
charge at thd/S interface due to interface states, that de-
pends on the Fermi-level positiok£—E,)(0) atthis inter-
face, andQ; is an effective fixed charge in the insulator, that
does not depend orEg—E,)(0) andthat can be written

o018

1017

1016

1015

~ A
Qi=Qi+

fo xpi(X)dXx, (13
Li

whereQ; andp;(x) are the total charge and the charge den-

sity in the insulator, respectively. FIG. 1. Example of(a) band bending an¢b) density-of-states
The solution of Eq(11) is then obtained using a numeri- (DOS) profile in thea-Si:H layer obtained in the framework of the

cal finite-difference method and an iterative procedure, sinceefect-pool model if the layer equilibrates under electron accumu-

D(E) itself depends on the band bending and therefore musétion.
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TABLE |. Values of the defect-pool parameters used in the simulation of the quasistatic capacitance Eiyvasd E., are the
characteristic widths of the valence- and conduction-band tails, respectvigythe characteristic width of the defect poBl,—E, is the
position of the pool maximum referred to the valence-band eiges the gap energy, ard is the correlation energy of the dangling bond
states. For all calculations, we used values of the density of states at the valence- and conduction-band edge xdq@& an@ 1
x10%t em3 eV, respectively, and the hydrogen cont¢Hf] was equal to % 107 cm™3. The values in the column “standard” were
found by Deane and Powell from modeling of the threshold voltage shift of TiSEe Ref. 18 and are used to illustrate the theoretical
calculations(Figs. 1-5. The values given in the other columns are those giving the best fit to the experimental gs-CV curves obtained on
the structures studied in this work, namely, top gate silicon dioxide (TG)StOp gate silicon nitride (TG-SiJy, and two different bottom
gate silicon nitride (BG1-SiNand BG2-SiN) structures. Also reported in the last line is the value of the effective areal charge density in
the insulator used in the calculations; this is directly related to the flatband voltage in the structures.

Parameters Standard TG-SiO TG-SiN, BG1-SiN, BG2-SiN,
E,o (eV) 0.056 0.05 0.05 0.05 0.048
Eqo (€V) 0.028 0.03 0.03 0.025 0.03

o (eV) 0.178 0.157 0.157 0.157 0.155
E,—E, (eV) 1.27 1.16 1.16 1.06 1.16
Eg (eV) 1.9 1.8 1.8 1.7 1.8
U (eV) 0.2 0.15 0.15 0.15 0.15
T (Cem ?) - 4.8<10°8 6.1x10°8 3.6x1077 7.7x10°8

the a-Si:H layer obtained at 200 °C under hole accumula-quasistatic capacitance measurements are performed at a
tion, and the corresponding DOS is presented in Fig).2 temperature below the critical temperatureae$i:H, so that
Again, the DOS is highly nonhomogeneous, but the DOShe DOS cannot be changed during acquisition of the gs-CV
maximum near theé/S interface now appears in the upper data.

part of the gap. The theoretical gqs-CV curve is then obtained by calculat-
ing the variation with the applied gate voltagg of the total
2. Quasistatic capacitance calculation chargeQ+ in the MIS structure. The quasistatic capacitance
The DOS calculated in the preceding step is assumed tg' at a given gate voltag¥ is then given by
be frozen in. As will be seen in the experimental details, the d
Qr
| C(Ve)=— gy (14
Insulator a-Si:H (a) G
— Ec Qq is expressed as

L

EF

QT:Qi+A0'im+AJ SP(X)dX- (19

0

Thus, in order to calculat®+ for a given value ofV,
we must once again solve Poisson’s equation with the same
boundary conditions as in the preceding step, except that
D(E,x) no longer depends on the applied voltage, &fid
has to be replaced wit¥g in Eq. (12).

B. Discussion of theoretical qs-CV curves
1. Evolution of the gs-CV curves with the bias-anneal voltage

The evolution of the gs-CV curves with the bias-anneal
voltage has already been discussed in a previous rapid
communicatiorf> Here we just briefly recall the main argu-
ments.

First, it has to be recalled that in the framework of the
defect-pool model the changes that can be observed in the
gs-CV curve(after changing the bias-annealing voltage-
flect the changes in the one-electron density of states close to
thel/S interface. The one-electron DO%yz(E) due to the
dangling bonds is defined from the densiy(E) as
Npg(E)=D[E+KT In(2)]+D[E-U—kTIn(2)].:* The total

FIG. 2. Example of(a) band bending an¢b) density-of-states one-electron DOS, taking all statdgangling bonds and
(DOSY) profile in thea-Si:H layer obtained in the framework of the conduction- and valence-band tailsito account is thus
defect-pool model if the layer equilibrates under hole accumulationgiven by
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FIG. 3. One-electron density of states in #Si:H layer at the FIG. 5. Theoretical normalized quasistatic capacitaBt€; as

insulatora-Si:H interface after equilibration undéa) electron ac- a function of the gate bia¥ calculated aff =353 K using the
cumulation,(b) flatband conditions, an@) hole accumulation. This same parameters as in Fig. 1, after bias annealing=a473 K
was calculated using the standard defect-pool parameters of Tablednder various bias-anneal voltages. The curves are labeled accord-
ing to the bias-anneal voltage. They are shown, alternately, by plain
g(E)=D[E+kT In(2)]+D[E—U—-KT In(2)] and dashed lines, and only parts of the whole curves are shown for

the sake of clarity.
+Nypl(E) + Nl E). (16)

Figure 3 presents the one-electron DOS atltt®inter-  fects form at different energies and the peak energies in the
face after three different bias annealings corresponditiglto one-electron DOS are symmetric with respecEtg, which
electron accumulatior(p) flatbands, andc) hole accumula- is visible in Fig. 3(where we havé&r—E,=1.05eV).
tion. Figure 4 shows the corresponding gs-CV curves. In this  The comparison of Figs. 3 and 4 emphasizes that there is
figure, as well as for all gs-CV curves presented in the fol-a strong correspondence between the gs-CV curves and the
lowing, the quasistatic capacitance values are normalized tone-electron DOS near tHéS interface. In particular, the
the insulator capacitandg; . For Figs. 4 and 5, we took; relatively flat one-electron DOS in caé® is reflected in the
=39 nF cm 2, and the values oA®,,5 and Q; were such gs-CV curves in a well-defined capacitance minimum pla-
that the flatband voltagéy, (which is the bias-anneal voltage teau. For(a) and (c) we always observe two minima in the
producing flatband during annealingas equal to-1.7 V.  total one-electron DOS, at the intercept of the one-electron
The defect-pool parameters used in the calculation are thBOS due to the dangling bondi,g(E) with the conduction-
“standard” values given in Table I. Cas¢g) and(c) were  and valence-band tails, respectively. Following a thermal an-
calculated at bias-anneal voltages symmetric with respect tgealing under moderate electron accumulation, the DOS re-
Vi, for which the corresponding interface Fermi levels dur-jgted to dangling bonds increases below midgap and de-
ing annealing were also symmetric with respect to the intringeases above midgap. Therefore, the minimum in the upper
sic Fermi levelEg; . Therefore, according to the model, de- part of the gap is very sharp, while the minimum in the lower
11 part of the gap is much higher. This results in a well-defined

o SRR RN RN RN LN N BN capacitance minimum in the gs-CV curve that will be called

(3, 1E 3 the conduction-band-ta{CBT) minimum, and in a second-

2 0.9 5 3 ary capacitance minimum called the valence-band™asiT)

% “E 3 minimum, that is much broader and correspondsCi@;

S os8E 3 values quite close to one due to the high value of the DOS at

8 E ] this minimum. Following a thermal annealing under moder-

§ 0.7 = _5 ate hole accumulation, the DOS minimum in the upper part

® 06 f— 3 of the gap is much higher than the one in the lower part of

g 05 =3 3 the gap. As a consequence, the CBT minimum in the gs-CV

Z TTE = curve becomes broad with a hi@iC; value, while the VBT
o)/} T T T W W W W T minimum is sharp and becomes the main one.

-8 -4 0 4

. We would like to comment here on the correspondence
Gate bias V (V)

between the one-electron DOS and the gs-CV curve. It is
FIG. 4. Normalized quasistatic capacitar€eC; as a function well known that fo.r MI.S structgres oorystallmgsemmon—
of the gate biad/q calculated aff =353 K after bias annealing at ductors, the guasistatic capacitance probes interface states,
T=473 K under(a) electron accumulatior(b) flatband conditions, &nd thereis a Coorrespondence between the probed energy and
and (c) hole accumulation calculated with the standard defect-poothe gate voltagé? Indeed, the capacitance is essentially sen-
parameters of Table |, no interface states, and a flatband voltagitive to the states located at the interface Fermi level. There-
Vi,=—1.7V. The corresponding one-electron DOS at thefore, changing the gate bias changes the position of the in-
insulatora-Si:H interface is shown in Fig. 3. terface Fermi level within the band gap, and thus allows
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interface trap level spectroscopy to be performed. The corraween the CBT and VBT minima would not occur, and the
spondence between the probed energy and the gate voltage-CV curves would not exhibit such a symmetrical change
was proposed by Berglund, aroundVy, .
For V2> Vg, we mainly observe a small decrease of the
CBT minimum value as the bias-anneal voltage is increased
up to 1 V, and then, foN,.>1V, the value of the CBT
dVe, 17 minimum increases. In addition, the positidf,, of the
CBT minimum shifts towards higher values. The variation of
the CBT minimum value reflects the evolution of the value

whereE is the energy of the states probed at the gate voltagéf the DOS minimum at the intercept betwelgg(E) and

Vg corresponding to the band bendimg=V(0)—V(Ly). NefE). Indeed, for—1.7 V<Vp,<1V, this minimum DOS
Vo is an initial gate voltage corresponding ¢Q, and Eq. value decreases a9, increases, due to the decrease of
For MIS structures orhomogeneous amorphosemicon- Npg(E) in the upper part of the gap. Fdf,.>1V, though
ductors, assuming that interface states give a negligible corthe Gaussian distribution of dangling-bond states peaked
tribution compared to bulk states, we showed that it is stillabove midgap(at E=E;) decreases, the increase of the
possible to relate the quasistatic capacitance to the DOS u&aussian distribution of dangling-bond states peaked below
ing (i) Eq. (17) for the correspondence between gate voltagenidgap is such that the whole one-electron density of states
and probed energy, ar(d) a formula somewhat more com- due to the dangling bondSpg(E) increases whatever the
plicated than in the crystalline ca&kln particular the DOS ~ energy, resulting in an increase of the CBT minimum. The
at a given energy is not simply related to the capacitance agositive shift ofV,, can be explained as follows. The ap-
in the crystalline case but also to the derivative and the inteplied bias can be related to the char@gg andQg at thel/S

gral of the capacitance with respect to and over the gatéterface and in the semiconductor, respectively, and to the
voltage, respectively, that account for the fact that the statesffective chargeQ; in the insulator through

are distributed in the whole semiconductor layer and not only

at the interface. Concerning MIS structures amorphous Q Q. Qs

semiconductors in the framework of tldefect-pool model Ve=Adys— " C C + s, (18
localized states are distributed in the whole semiconductor ! ' !

l;‘ggg ttz)uihr:aoznltjgrlltggg)ée?iesfa(q::))tg?]t dd;;;r—)z]ct;:;gsctrﬁ:ted':or the curves of Figs. 4 and 5, we did not involve specific
Lo . gs. : interface states in our calculation, so ti@t;=0. In addi-
situation intermediate between that of an ideal homogeneous

amorphous semiconductfitomogeneous density of states in tion, A®ys andQ; are mdgpendent of the blajs_-anneal volt-
the bulk and that of an ideal crystalline semiconductoo age. Therefore, the variatioAVy,, of the position of t'he
states in the bulk and only at the interfadelS structures. CB1 minimum from one curve to another can be simply
This explains the strong correspondence between the sha$j&!iten as
of the gs-CV curve and that of the one-electron DOS at the
insulator interface. Therefore, the most specific feature of the
defect-pool model, namely, that the mean defect energy level
changes when the defect is created in different charge states
following thermal annealing under either electron or holewhere (AQgs)mi, i the variation in the semiconductor charge,
accumulation, is well reflected in the changes of the shape afnd (A ) in the variation in surface band bending at the
the gs-CV curve. Comparing cas@s and(c) in Fig. 3, there  CBT minimum. In the gs-CV curve, the CBT minimum oc-
is a symmetry of the one-electron density of dangling-bondcurs when the Fermi level close to théS interface is swept
states close to the interface which is reflected in the symmehrough the minimum of the total one-electron DQEE).
try of the corresponding gs-CV curves. This means that if one compares two curves corresponding to
In Fig. 5 are presented the theoretical gqs-CV curves corAV, >0, (A ) min iS quite small because the energy position
responding to a larger set of bias-anneal voltaggs in  of the DOS minimum changes only a little bit, bX Q) min
order to emphasize the changes in these curves due twms quite a large negative value, due to the created dangling-
changes inVy,. ForV,.>>—1V andV,,<—3V, only the bond states that are almost all negatively charged\igr
part of the curve around the main minimum is shown for the=V,. The positive shift of the CBT minimum ag,, in-
sake of clarity, the secondary minimum havi@gC; values creases is therefore explained by the increase of a negative
becoming quite close to 1. As indicated above, the flatbandharge in the semiconductor due to the created dangling
voltage Vi, was equal to—1.7 V. This is why the main bonds.
capacitance minimum flips from the VBT one fofp, The same kinds of remarks can be done for the evolution
<—-1.7V, to the CBT one foV,,>—1.7 V. In addition, of the VBT minimum for decreasing values ®,, below
gs-CV curves calculated for bias-anneal voltages symmetri¥'y,. The value of the VBT minimum first slightly decreases,
with respect tovy,= — 1.7 V also appear symmetric with re- then slightly increases. This reflects first a decrease, then an
spect toVy,, reflecting the symmetry of the one-electron increase, of the DOS minimum at the intercept of the
density of dangling-bond states at the interface with respeatalence-band tail with the dangling-bond states distribution.
to the intrinsic Fermi level. Obviously, this is a specificity of In addition, the positiorV, of the VBT minimum shifts
the defect-pool model. If the energy of the created defectsoward negative values a#,, becomes more negative, re-
did not change fronV,>Vy, to V,,<Vy,, such a flip be- lated to an increasing positive charge in the semiconductor

Ve
E_Eozq(¢s_¢so):qj 1_6
VGO 1

(A QS) min

AVmin: - C.
i

+ (Aws)miny (19)
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due to the created dangling bonds that are positively charged
when the gs-CV curve goes through the VBT minimum.

16
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.

2. Effect of the defect-pool parameters on the evolution
of the gs-CV curve

The features described above are quite general, and do not
depend on specific values for the defect-pool parameters.
However, the intensities of both the shifts of the capacitance
minima position and the variations of the capacitance
minima values depend on these parameters, because thest
parameters determine the dependence of the density of
dangling-bond states on the Fermi-level position. '(')' L1 ‘5' - '1'0' - '1'5' L

In order to study the influence of the defect-pool param- Bias-anneal voltage, V,, (V)
eters, namelyk,, o, U, andE,,, we changed the values of 9@, Vba
each parameter around the standard value in Table I, the 08—~7T—T 71— T 7
other parameters being kept constant, and we looked at the . (b)
evolution of the gs-CV curves witl,. One of the most 0. 75 e
important feature when looking at a set of gs-CV curves
corresponding to different bias-anneal voltages is the posi- 0.7
tive shift of the CBT minimunV,, for increasing values of Qe
the positive bias-anneal voltage. This shift is equivalent to oé 0.65
that of the TFT'’s threshold voltage, and has been clearly
identified for all our MIS structuressee Sec. I). Another
characteristic evolution is that of the corresponding mini- 0.55
mum capacitance valugé,,,. Therefore, the influence of the
defect-pool parameters will be studied through the influence oLl v v v v L L L
onVpi, andC,,. As an illustration, Fig. 6 shows the depen- 0 ) 5 10 15
dence ofV,,;, andC,,;, for different values of the pool maxi- Bias-anneal voltage, Ve, (V)

mum ED' We observe thaV/y, always increases with'y,,, FIG. 6. Variations with the positive bias-anneal voltdgerre-

whereasC,,/C; slightly decreases and then mcrea;es. W'thsponding to bias annealing under electron accumulptibiia) the

Vba Whatever the value of,. However, the quantitative pqsition of the minimum capacitance, aflij the value of the nor-

changes are quite sensitive to this value. malized quasistatic minimum capacitance value, for three different
To simplify the study of the parameter influence, we con-yajues of the positiof,— E, of the pool maximum. The value of

sider a range oWV, where bothV,, and C,;,/C; increase the other defect-pool parameters are the standard values in Table I.

with Vp, (typically for V> Vs, +2 V), and characterize the

curves by the mean values of the sloges dV,,»/dV,, and ,

sc=d(Cpin/C)/dVy,. From a systematic study of the role of 1 @nd only slightly depends oa; for A;<0.1eV. ForA;

each parameter, we came to the conclusion shaands. ~ >0.1eV,sy rapidly decreases i; increasessc increases

only depend orE,, and on a combination of the other pa- with A; in the whole range, but the increase is more pro-

rameters that will be called;, representing the difference nounced forA;<0.1 eV.

--=-E,-E,=1.17 eV
—E,-E,=127eV
-—-E,-E,=137eV

I|I|l|l||||||||l|

position of the minimum ,V i, (V)
0]
W\ N

|||||||II|III|III

N
o

0.6

TIT T [V FTT[ VI T[T T[T T [ TTrT
\
RN NN RN NN NN FEENE E SN R

N
(=]

between the intrinsic Fermi levé@l; of a-Si:H and midgap. In conclusion of the study of the influence of the defect-
Using the formula givinggg; ,*2 we can write pool parameters on the evolution of the gs-CV curves after
positive bias annealing, we want to stress several points that

U Bo? Eg will be very helpful to determine the parameters giving the
Ai=Ep—E,+ 2 E,o 2° (20 pest fits to our experimental data, as discussed in Sec. IV.

First, it is not possible to increasg without decreasing. .

As an illustration, Fig. 7 shows the dependencevgf, >€cond, if one can find two values fa; andE, that re-
andC,,;,/C; for a given value of,, and four different sets Produce the evolution ddc andsy , the choice of the defect-

of the other parameters, giving the same valueApf We ~ POOl parameters ia priori not unique, since different values

observe that th& i, vs V,,, curves are practically identical, Of Ec, Ep—E,, o, andU can give the same value df;.
while the C;,/C; Vs V,, curves are only separated by a The choice of these parameters is then adjusted according to

constant value, the slop being the same. the absolute value of,,, that strongly depends on it. The
Figure 8 shows the dependence f and sc on E,,.  choice of the parameters is further tested from the gs-CV

Since changingg,o also changed;, we chose to change the curve obtained after bias annealing under flatband condi-

parametersig, E,—E,, o, andU) in order to maintain the tions. Indeed, it is known that the gs-CV curves should ex-

same value of\; (equal to 0.143 eYfor all values ofE . hibit quite a wide minimum plateau after annealing under
We observe that increasirtg, g results in an increase &,  flatband conditions. Since the DOS is quite flat and homoge-
and in a decrease af. neous after such annealing, there is a direct relation between

Similarly, Fig. 9 shows the dependencesgfands: on  the constant DOS valugand the value of the capacitanCe
A;, E,o being set at 0.056 eV. We observe thatis close to  at the platead’
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0 2 4 6 8 10 12 14 16 0.2 1 |4o| 1 |50| 1 1 |60| 1 |7O| 1
Bias-anneal voltage, V. (V) E., (meV)
08 ———1T——r T FIG. 8. Variations of, ands¢ as functions of the characteristic
F 3 width of the valence-band tai,,. The value ofA; is kept con-
0.75F . stant, equal to 0.143 eV.
- 0'7;* ‘ ered with ITO. For both structures, two layersrofa-Si:H
% 0.65F e (40 A thick) and intrinsica-Si:H (1 um thick) were depos-
S . ited at France Telecom CNET laboratory in a hot wall rf
0.6F E (13.56 MH2 glow discharge plasma-enhanced chemical-
c ] vapor depositiofPECVD) system at a substrate temperature
0.55F (b) 7 of 200 °C, and a pressure of 50 Pa. Then, for the first type of
C ] structure(that will be denoted TG-SiQin the following), a
Coov o b o by o b by w by v v by g g by 173 i - i i I
0.50 B Y S S T R R VR T high-quality distributed electron cyclotron resonance

(DECR)-PECVD silicon dioxide layer was deposited at
100 °C at Thomson-CSF research laboratory, while for the

FIG. 7. Variations with the positive bias-anneal voltagerre- ~ S€cond type of structurghat will be denoted TG-Sihin the
sponding to bias annealing under electron accumulatifiia) the f0||o_W|ng) a standa_rd PECVD silicon nitride layer was de-
position of the minimum capacitance, afigl the value of the nor-  Posited at CNET. Finally, to form the gate electrode, a 3000-
malized quasistatic minimum capacitance value for four differentA-thick aluminum layer was evaporated through a mask,
sets of defect-pool parameters such tha§ and A; are kept con-  thus defining 1-mm-diameter circular dots. More details on
stant. The parameters that have been changed are for the curvesthe deposition conditions can be found elsewléré Note
dashed lines,Eg=1.7 eV; dotted lines,Eg=1.7eV and U that the thickness of these silicon dioxide and silicon nitride
=0.3 eV; dashed-dotted lines;=0.148 eV; and solid linesk, layers(800 and 1000 A, respectivelyvere chosen such as to
—E,=1.37eV. The values of the other parameters are those givegield approximately the same value f@;. This ensures a

Bias-anneal voltage, V,, (V)

in Table I. direct comparison of the normalized gs-CV curves. Since
both TG structures have the sameSi:H layer, the compari-
1 c \2 son of the results obtained on these structures will be used to
g= W (1——C/C|) (21)  identify the contribution of the bulk-Si:H material and that

of the states specific to the interfaces formedab®i:H with

) _ . the DECR SiQ and SiN in the top gate configuration.
Given the value of\; andE,, this can be used to obtain

the valueE,—E, , o andU. Finally, the same set of param- 1 77— 10
eters must also fit the behavior of the qs-CV curves after bias B
annealing under hole accumulatiov < Vg,). 0.8
lIl. EXPERIMENT 0.6 i
A. MIS structures s [ 2
. A . 0.4r- <
The studied structures are sketched in Fig. 10. Four dif- C =
ferenta-Si:H MIS structures have been studied. Two are top ok
gate(TG) structures, meaning that tlaeSi:H layer has been 021
deposited first, followed by the insulator layer and the metal C | | '
gate electrode, while the two others are bottom gate struc- O T T T T o1 T2 O
tures, thea-Si:H layer being deposited after the insulator, A (eV)
that has itself been deposited on top of the metal gate elec- '
trode. FIG. 9. Variations of, ands¢ as functions of the characteristic

Two TG structures differing by the nature of the insulator parameten\; . The characteristic width of the valence-band Ej}
have been deposited on a Corning 7059 glass substrate cag-kept constant, equal to 0.056 eV.
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n+ a-Si:H § 0.8 F E
Metal electrode S © o7 L 3
Substrate % 0.6 _ _
£ B 3
- s 05 a2 3
- > > 8 -4 0 4 8
Z%/////////////// o _ Gate Bias, V,, (V)
insulator FIG. 11. Experimental normalized quasistatic capacitabu®;

| measured aff =353 K on the silicon dioxide top gate structure

Gate metal G '(rTGz;?sOf() asda fLijngtion ofbthe gate b:als;lafter bi—?ﬁ annealing at |

I = under different bias-anneal voltages. The curves are la-

w beled according to the bias-anneal voltageg They are shown, alter-

nately, by plain and dashed lines, and only parts of the whole curves
FIG. 10. Sketch ofa) top gate, andb) bottom gate MIS struc- are shown for the sake of clarity.

tures studied in this work.

tion of this bias-annealing step ranged between 20 mn and 5

Both bottom gatdBG) structures use PECVD silicon ni- h. Second, after cooling down to 80 °C and acquisition of a
tride as the insulator. The first onghat will be denoted first gs-CV curve, the sample was bias annealed again at the
BG1-SiN, in the following was fabricated at Philips Re- sameV,, value, cooled down again &t,, and a second
search Laboratories on a chromium covered glass substrags-CV curve was obtained. By comparing both curves we
forming the gate electrode. A 500-A-thick layer of silicon verified that they were the same within 5hich is typi-
nitride was deposited by PECVD, followed by a Quir-  cally the experimental error that can be estimated from both
thick layer of intrinsica-Si:H and a 400-A-thick layer of capacitance and temperature measuremeatsl, conse-
n* a-Si:H, both also deposited by PECVD. Then a 3000-A-quently, that defect equilibration was effectively reached.
thick layer of aluminum was deposited and etched to form After each sequence of thermal bias annealing and mea-
0.5-mm-diameter circular source electrodes. The second orgrement steps, the sample was annealed under short-circuit
(that will be denoted BG2-SiNin the following was fabri-  conditions at 200 °C for 12 h. By determining a subsequent
cated at Balzers Process Systems on a cpetype crystal- gs-CV curve, we checked that this long annealing under
line silicon wafer that acts as the gate electrode, and thshort circuit allowed one to restore the initial state.
thicknesses of the silicon nitride, undopedSi:H and The measurement temperature of 80 °C was a good trade-
n* a-Si:H layers(all deposited by PECVDwere 1000 A, off between lower temperatures, where the increase of time
0.6 um, and 400 A, respectively. Finally, a 3000-A-thick Al response of deep states makes the determination of the true
layer was deposited and patterned to form 1-mm-side-squaguasistatic capacitance both longer and more influenced by
electrodes. The comparison of the results obtained on thigakage currents, and higher temperatures where partial re-
silicon nitride top gate and bottom gate structures will helpequilibration during measurements can become significant.
to discuss the influence of the deposition order on thd-or the results presented in the following we checked that
SiN,/a-Si:H interface characteristics. this last effect was negligible by successively determining
two gs-CV curves for increasing and decreasing values of the
i gate bias, respectively, which were identical.
B. Experimental procedure

This consists of subsequent thermal bias annealing and
guasistatic capacitance measurements steps. The thermal bias
anneal and quasistatic capacitance measurement tempera-In this section we present and discuss the effect of thermal
tures were equal td@,,=200°C andT,,=80 °C, respec- bias annealing on the quasistatic capacitance for each struc-
tively. Before any bias-annealing treatment, each MIS diodéure, and in Sec. IV we shall separate the behavior after
to be studied was first annealed under short circuit conditionpositive bias annealing, corresponding\g,>0, from that
for abou 1 h at 200 °C, andhen cooled down to 80 °C, obtained under negative bias annealing, corresponding to
where a first series of measurements provided the initiaV/,,<O0.
gs-CV curve of the sample. The gs-CV curves obtained on the TG $i€ructure are

For each value of the bias-anneal voltagg, the equili-  presented in Fig. 11. As already indicated previodsinese
bration of the sample was tested in two ways. First, duringesults are quite well explained in the framework of the
bias annealing, we measured the current flowing through thdefect-pool model. Indeed, as far as the results after positive
structure, and the bias-annealing conditions were maintaineldias annealing are concerned, the gs-CV curves present a
until this current was found to saturate. Typically, the dura-well-defined minimum similar to that observed on the calcu-

C. Experimental results
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lated gs-CV curvesgsee, for instance, Fig)5IncreasingVy, o V71711173
results in a positive shift of the position of the minimum 3 1 E 3
along with an increase of the minimum value, but the overall & F
shape of the gs-CV curve is not strongly modified. Con- § 09 F -
versely, negative bias annealing can completely modify the & 08 E 3
shape of the gs-CV curve. Indeed, considering the minimum & ™" ]
observed on the curve obtained\gf,= 0V, we observe that O o7LE 3
this minimum increases whe,, changes from-1to -3 V. § . 3
In the same time, we observe the appearance of another g 06 E E
minimum, the value of which decreases rapidly so that it g 05 E =
becomes the main minimum f&f,,< —3 V. By comparing b4 ]

with the theoretical trends observed in Fig. 5, we identify 048 L+ _'4 L (') b “1 ——
these two minima with the CBT and VBT minima, respec- Gate Bias, V, (V)
tively. When changing the bias-anneal voltage fretth to
—3V, we thus observe that the main minimum flips from the  FIG. 12. Experimental normalized quasistatic capacitale,
CBT to the VBT minimum, the other one increasing due tomeasured aff=353 K on the silicon nitride top gate structure
an increase of created dangling bonds in the upper part of th@ G-SiN,) as a function of the gate bia4; after bias annealing at
gap. This evolution is experimental evidence of what is preT=473 K under different bias-anneal voltages. The curves are la-
dicted by the defect-pool model when, during thermal biagreled according to the bias-anneal voltage. They are shown, alter-
annealing, the structure goes from electron accumulatiofately, by plain and dashed lines, and only parts of the whole curves
(Vpa=—1V) to hole accumulation\(,,= —3 V), because @are shown for the sake of clarity.
defects are not formed at the same enérgy.defects were
formed at the same energy, such a flip between the CBT anstructure. The gs-CV curves obtained for different values of
VBT minima would not occur. For an intermediate bias-the bias-anneal voltage are shown in Fig. 12. Comparing
anneal valueVys~—2V, the structure is annealed under Figs. 11 and 12, we observe that the behaviors after positive
flatband conditions. Under such conditions, the Fermi-levebias annealing are quite the same for both top gate structures,
position is the same throughout tlaeSi:H layer, meaning independently of the insulator. Thus the increase of the
that the DOS is uniform and quite flat. Therefore, the corre-dangling-bond state density below midgap in é1&i:H near
sponding gs-CV curve should also exhibit a rather flat mini-thel/S interface is still the dominant consequence of positive
mum plateau. Indeed, the gs-CV curve obtained ¥y,  bias annealing. Conversely, the behaviors after negative bias
=—2V clearly exhibits both minima at approximately the annealing are somewhat different. Indeed, as in Fig. 11, in
same level, and the capacitance values between these tWiig. 12 we still observe a strong increase of the CBT mini-
minima (where the quasistatic capacitance probes the statesum, along with the appearance of the VBT minimum be-
around midgap are at their lowest level, compared to the coming the main minimum, when the bias-anneal voltage has
curves obtained at higher or lower bias-anneal voltages. Thieeen changed from-1 to —3 V, and we also identify the
flatband voltage for this structure can thus be clearly identiflat-band voltage to be betweenl and—2 V. However, the
fied atVg~—2 V. However, we observe a small bump be- VBT minimum does not decrease further when the bias-
tween the two minima. This can be attributed to interfaceanneal voltage is changed from2 to —3 V. Since the
states, as described in Sec. IV. In addition, such a negativa-Si:H layer is the same in both top gate structures, this
value forVy, implies that there is a small positive charge in different behavior is attributed to the presence of interface
the insulator, of the order of410 8 C cm 2 (see Sec. IV. states that make a significant contribution to the capacitance
If one further decreases the bias-anneal voltayg, ( measured on the TG-SiNtructure in the bias range around
< -5V), we observe that the main minimum, i.e., the VBT Vg= —3 V. Therefore, the VBT minimum is somewhat hid-
minimum, shifts to more negative gate voltages, and that itslen by these interface states.
value slightly increasegust like the CBT minimum slightly Finally, we turn to the results obtained for the bottom gate
increases and shifts to more positive gate voltaga4,ifis ~ SiN, structures. These are shown in Figs. 13 and 14 for the
increased above 1)VAs explained in Sec. Il B, this behav- BG1 and BG2 structures, respectively. Concerning positive
ior is predicted by the defect-pool model due to the creatiorbias-anneal voltages, the evolution of the gqs-CV curves with
of dangling bonds in the upper part of the gap. Vpa is still the same as for the preceding structures, namely,
In summary, all the main features of the experimentala shift of the position of the minimum capacitance along
gs-CV curves are well predicted by the defect-pool modelwith a slight increase of the minimum value. As far as nega-
This also means that specific interface states at théive bias annealing is concerned, we can distinguish some of
SiO,/a-Si:H interface play a minor role in the behavior of the characteristic details that have been identified for the top
this structure after bias annealing. Their density is smalbate structures. In particular, the CBT minimum increases
enough so that the contribution of the dangling bonds inwhenV,, decreases, and it is shifted toward negative volt-
a-Si:H in the vicinity of the interface is predominant, what- ages, while we observe the appearance of another capaci-
ever the energy and whatever the bias-anneal voltage. tance minimum that is identified to the VBT minimum. This
We now turn to the results obtained on the structures hawvs clear if we look at the curves corresponding eithelig
ing silicon nitride as an insulator. We first examine the re-=—2 and—4 V in Fig. 13 or toVy,= —1 and—3 V in Fig.
sults obtained on the top gate SiN structure, because this4. However, we also observe that the evolution of these
structure has exactly the saraeSi:H layer as the TG Si©® minima with the bias-anneal voltage is very different from

[o ]
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o L e e e I modification of the DOS in tha-Si:H layer, and thus the
S 41E 3 changes of the shape of the gs-CV curves, are slowed down
& E ] by the hole injection and trapping into the silicon nitride.
§ 09 F 3
'§ 0.8 E— —f IV. DISCUSSION OF THE RESULTS USING THE
g E 3 SIMULATION OF THE gs-CV CURVES: DETERMINATION
© o7k E OF THE DEFECT-POOL PARAMETERS AND
g 0.6 E_ _f INFLUENCE OF THE 1/S INTERFACE
§ 05 & 3 From the above results the following qualitative conclu-
2 E 3 sions can be drawn.
0-4_1—0 — 1'0 (i) The evolution of the gs-CV curves due to positive bias

annealing is quite independent of the nature of the insulator
and of the insulatoa-Si:H interface. Therefore, this evolu-
FIG. 13. Experimental normalized quasistatic capacitad@  tion can be attributed to changes occurring in the defect den-
measured af =353 K on the first silicon nitride bottom gate struc- Sity of thea-Si:H layer.
ture (BG1-SiN) as a function of the gate bid4; after bias anneal- (if) The evolution of the gs-CV curves due to negative
ing at T=473 K under different bias-anneal voltages. The curvesbias annealing depends on the nature of the structure. This
are labeled according to the bias-anneal voltage. They are showmeans that interface trap levels and hole injection and trap-
alternately, by plain and dashed lines, and only parts of the whol@ing into the insulator play a role. Hole injection is obvious
curves are shown for the sake of clarity. in the BG-SIiN, structures. Indeed, by increasing the negative
bias-anneal voltage, we observe a shift of the whole qs-CV
that observed on the top gate structures. First, while the CBEurve towards negative bias voltages. This overall shift is not
minimum rapidly increases and tends to disappearMgy  observed on the top gate structures.
<=3V for the TG structures, it increases less rapidly and  Since thea-Si:H layer was the same for the TG-Sikind
remains visible even on curves corresponding to very lowrG-Sio, structures, the gs-CV curves obtained on these
negative bias-anneal voltageé,(= —8 V in Fig. 13 or even  structures were used to separate the contribution of the bulk
Vpa=—15V in Fig. 14. For V,,<—4V, the main trend is  a-Si:H from that of interface states. Concerning the TG-SiO
an overall shift of the whole gs-CV curve, with only slight structure, we already showed that a good fit to the experi-
changes in the shape, and the VBT minimum becomes thgental gs-CV data could be obtained using the value of the
main minimum only forV,,<—7 V. This rather slow evo- defect-pool parameters called “standard” in Tabl& The
lution of the shape of the gs-CV curve, compared to the casghoice of the defect-pool parameters can be fairly understood
of the TG structures, is attributed to hole injection from thefrom the study of the influence of these parameters on the
a-Si:H layer into the silicon nitride. Indeed, from E@.8), it  overall behavior of the gs-CV curves after positive bias an-
is inferred that an increase of the charge in the insulator wilhealing, as presented in Sec. Il B. Indeed, one prominent
lead to a negative shift of the gs-CV curve. Therefore feature of the gs-CV curves obtained on the top gate struc-
changes in the band bending in theSi:H layer with the  tures(see Figs. 11 and 12s that the variation of the position
bias-anneal voltage will be less important than in the casef the minimum capacitance corresponds approximately to
where no hole trapping is involved. This means that thethat of the bias-anneal voltage, i.e., the value of the mean
slopesy defined in Sec. Il B is close to 1. According to Fig.

-5 0
Gate Bias, V, (V)

o M 9, it can thus be deduced that the value of the characteristic

O 1E E parameter\; should be less than 0.1 f&t,,=0.056 eV, this

g : ] last value being typical of device gradeSi:H. In the same

S 08k = time, Figs. 11 and 12 show that the increase of the minimum

’§ 0.8 4‘ _ capacitance value with increasing bias-anneal voltage for

s TUH ] V>3V is such thatsc is of the order of & 1073 V1,

({3) 0.7 —ll N 3 Therefore, Fig. 9 indicates that the best choice Agris

@ ) 1 around 0.1 eV, where the theoretical valuesfpandsc are

5 06Fw E 0.92 and 610 3 V1, respectively. Actually, the standard

g 0515 E values of the defect-pool parameters, given in Table | yield

=z g | | | | | ] A;j=0.093 eV. Given the value &,q, the valuedJ, o, and
Y T M Y S —— E,—E, are found by matching the absolute value of the

Gate Bias, V (V) theoretical capacitance minimum to that observed experi-
mentally. Indeed, these parameters mainly control the den-
FIG. 14. Experimental normalized quasistatic capacitapk@, ~ Sity Of dangling-bond states, that in turn control the mini-
measured aT =353 K on the second silicon nitride bottom gate MUM capacitance values. Although the standard defect-pool
structure (BG2-Sily) as a function of the gate biak; after bias ~Parameters, together with a gap energy of 1.9 eV, reproduce
annealing atT=473 K under different bias-anneal voltages. The quite well the overall behavior of the experimental gs-CV
curves are labeled according to the bias-anneal voltage. They afirves measured on the TG-Si€lructure’® we found that a
shown, alternately, by plain and dashed lines, and only parts of thbetter fit was obtained with a slightly lower gap val(ie8
whole curves are shown for the sake of clarity. eV), and consequently slightly modified defect-pool param-



10412 J. P. KLEIDER AND F. DAYOUB PRB 58

1.1

I
s
—

1

1
0.9
0.8
0.7

0.6

0.5

I 1 1 1 I 1 1 I 1 1 I L 1 1 1 | 1 1 1 1
0.4 =g 4 5 L 0.4

Gate Bias, V (V) Gate Bias, V (V)

0.5

Normalized Capacitance, C/C.
Normalized Capacitance, C/C.

T [T [T T[T TT T T T T[T [ TTTT

-

oo
)
—_
o
'
o
o
=

FIG. 15. Theoretical gs-CV curves simulating the results ob- FIG. 17. Theoretical gs-CV curves simulating the results ob-
tained on the silicon dioxide top gate structure (TG-JiQusing  tained on the first silicon nitride bottom gate structure (BG155iN
the parameters of Table |, and the density of interface trap levelsising the parameters of Table I, the density of interface trap levels
presented in Fig. 19. No charge trapping into the insulator has begpresented in Fig. 19, and charge trapping into the insulator as
used. shown in Fig. 20.

eters. The values giving the best fits are reported in Table | |n addition to the bulk defects calculated from the defect-
for all structures. The theoretical gs-CV curves obtained withhool parameters, structure-dependent interface trap level
these values are shown in Figs. 15, 16, 17, and 18 for thgensities were used to calculate the theoretical curves of
TG-Si0,, TG-SiN,, BG1-SiN,, and BG2-SiN structures, Figs. 15-18. These interface trap level densities are shown in
respectively. Clearly, these theoretical curves reproducgig. 19. They were constructed using two exponential band
fairly well the experimental curves of Figs. 11, 12, 13, andtails and two Gaussian distributions of deep states. It is worth
14, respectively, in the whole range of bias-anneal voltagessmphasizing that these interface trap level densities were
Of course, the defect-pool parameters used to fit the gs-C¥ept independent of the bias-anneal voltage, all the changes
curves of the TG-SiQand TG-SiN structures are exactly in the shape of the gs-CV curves being accounted for by the
the same since these structures have the sai8eH layer.  changes in the defect-pool DOS in theSi:H layer. It is
However, we note that, even for the BG-Sibtructures that  interesting to compare the different structures in terms of
were fabricated in different laboratories, our good fits weretheir interface trap level densities. Indeed, we observe that
obtained with almost the same defect-pool parametershe TG-SiN structure has the highest interface trap level
namely,E,,~0.05 eV,0~0.157 eV,E,—E,~1.16 eV, and  density both for shallow and deep states. Note that for the
U~0.15 eV. The fact that these parameters only weakly deTG-Si0, and BG-SiN structures the weight of the interface
pend on the different structures strongly supports the defectonduction-band tail states is negligible compared to that of
pool model. The density of dangling-bond states corresponthulk a-Si:H states, which is not the case for the TG-SiN
ing to these parameters is relatively flat, with a mean valugtructure. This point can be addressed together with the com-
of the order of 210" cm™3eV ™!, and a slight predomi- parison of the field-effect mobility in TFT’s fabricated using

nance of charged defects compared to neutral ones. silicon nitride in the top and bottom gate configurations. In-
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FIG. 16. Theoretical gs-CV curves simulating the results ob- FIG. 18. Theoretical gqs-CV curves simulating the results ob-
tained on the silicon nitride top gate structure (TG-JiNusing the  tained on the second silicon nitride bottom gate structure
parameters of Table I, and the density of interface trap levels pre(BG2-SiN,), using the parameters of Table I, the density of inter-
sented in Fig. 19. No charge trapping into the insulator has beeface trap levels presented in Fig. 19, and charge trapping into the
used. insulator as shown in Fig. 20.
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FIG. 19. Density of interface trap levels introduced in the simu-, FIG. 20. Varlathn of the effective charge_per uni_t area in the
lation to reproduce the behavior of the experimental gs-CV curve |_nsulator_ as a fl_Jn_ctlon of the mean electric field dur_lng annealing
The solid, dashed, and dotted lines stand for the silicon dioxide to;ﬁor the silicon nitride bottom gate structures. The SOI,'d and dashed
gate (TG-SiQ), silicon nitride top gate (TG-SIY, and silicon ines stand for the BG1 and BG2 structures, respectively.

nitride bottom gate (BG2-SijJ structures, respectively.

o ’ characterize the properties of both theSi:H layer and the
deed, it is well known that top gate TFT's have a lower ;g interface. The evolution of the gs-CV curves after an-
apparent mobility than bottom gate ones. It was shown thafe,\ing under different bias-anneal voltages can be related to

part of this dlffgrence could be attnbuteq to the Q'ﬁerentchanges in the defect density and to charge trapping into the
source and drain contact and access resistances in the t

configurations™> However, even after correction for these re-W%UIator'

) X L . . . Our theoretical study of gs-CV curves and the comparison
sistance effects, the field-effect mobility still remains some- . . . . .
what higher in the bottom gate TFT's. According to our qua-W'th._ experimental results obtained on different kinds of
sistatic capacitance results, this higher value should bg-SLH-based MIS structures .strongly support the defect-
related to a lower density of interface trap levels in thePC0! model. Indeed, the evolution of the gs-CV curves after
conduction-band tail. positive bias annealing is almost the same independently of

Finally we address the problem of fixed charges andhe naturelof the insulatdsilicon nitride or silicon oxidg

charge trapping in the insulator. The fixed charge is relate@nd of the interfacétop or bottom gate silicon nitrideThis
to the true flatband voltage that can be deduced from each s@yolution is due to changes in the density of dangling bonds
of gs-CV curves. The values are reported in Table I. Wen the a-Si:H close to the interface. Increasing the positive
observe that all structures have a positive charge in the insipias-anneal voltage leads to the increase of the dangling-
lator, the highest values being obtained for the bottom gatdond density, the maximum of the distribution being located
silicon nitride structures. As stressed in Sec. Ill, hole injec-below midgap. Due to this below midgap location, these dan-
tion into the silicon nitride is observed for these structureggling bonds are negatively charged when the structure is bi-
under negative bias annealing. This hole injection is acased for electron accumulation, which explains the positive
counted for by the variation of the apparent charge densitghift of the CBT minimum in the gs-CV curves, and the
o;=Q, /A, as shown in Fig. 20. Since the insulator thicknessconcomitant positive shift of the threshold voltage generally
was different for the BG1 and BG2 structures, the evolutiorobserved on TFT’s. The evolution of the gs-CV curves after
of &, has been plotted as a function of the mean appareritegative bias annealing is also well reproduced by the defect
field during bias annealingt,,=V,,/L;, rather thanVy,. pool model. In particular, we observe that the main capaci-
Although the nitride layer may be different in the two struc- tance minimum flips from the CBT to VBT one when the
tures since they were fabricated in two different laboratoriesbias-anneal voltage is decreased below the flatband voltage.
we observe in Fig. 20 the same kind of increas@pfvhen ~ The creation of dangling-bond states in the upper part of the
the bias-anneal voltage becomes more negative. Althoug8ap is clearly detected when the bias-anneal voltage becomes
our results were obtained under bias annealing at 200 °@nore negative. Although the overall changes of the gqs-CV
hole trapping into the insulator can still be a problem incurves due to changes of the bias-anneal voltage are very
bottom gate nitride thin-film transistors at lower tempera-Well accounted for by changes in the defect-pool dangling-
tures. From this point of view, we can note that our top gatdoond density of the-Si:H layer, the details of these curves
structure using DECR-PECVD silicon dioxide as the insula-depend on interface trap levels and charge injection in the
tor does not exhibit such Charge trapping_ It also has a |0Vinsulator. We find that the structures using silicon dioxide
interface trap level density, that should make it a very inter-obtained by distributed electron cyclotron resonance plasma-

esting candidate in TFT applications. enhanced chemical-vapor deposition have a low interface
trap level density, and do not exhibit charge trapping into the
V. CONCLUSIONS insulator in the explored range of bias-anneal voltages. For

the top gate nitride structure, changes of the shape of gs-CV
The dependence upon gate bias of the quasistatic capaaurves are a little less pronounced than for the top gate oxide
tance ofa-Si:H-based MIS structures is very powerful to structure, due to the presence of a higher density of interface
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trap levels. Top gate nitride structures also have the highesind slows down the occurrence of the changes in defect den-
density of interface trap states in the conduction-band tailsity and thus in the shape of the gs-CV curves.

and their weight is not negligible compared to that of the
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