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Meyer-Neldel rule in charge-trapping metastability in p-type hydrogenated amorphous silicon
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Measurements of capacitance transients due to charge-carrier emission from metastable dpfiygis in
hydrogenated amorphous silicéa-Si:H) p/n junction structures show that both holes and electrons can be
metastably trapped in thelayer. At 350 K electrons and holes are emitted at the same rate, thereby defining
the isokinetic temperatureT(,) for the Meyer-Neldel rule. The enthalpy changes for hole and electron
emission are 0.94 and 0.51 eV, respectively. Charge emission rates are measured above amhgd,bdlbe
entropy changes for hole and electron emission are 31 and 17 Boltzmann constants, respectively;;Below
electrons are emitted faster than holes, and afigyehe reverse is true. These relative changes in emission
rates are a direct consequence of the large entropy changes in the defect red@gavithin experimental
error, is the same as the H glass equilibration temperd®66 K) measured by others ip-type a-Si:H.
Arguments are presented suggesting that the defect reactions measured here are involved in H glass equilibra-

tion.
DOI: 10.1103/PhysRevB.66.195210 PACS nunifer61.43.Dq, 73.61.Jc
. INTRODUCTION Neldel rule. This rule connects the activation energy) in
A Aims a family of thermally activated processes with the prefactor

] _in the expression
Previous measurements of metastable-defect annealing ki-

netics in doped hydrogenated amorphous sili¢arSi:H) r=vge Fact/keT (oh]
showed that both majority and minority carriers can be meta- . . . . .
stably trapped in either boron or phosphorous-doped 1%lmslwherer is some variable that is activated,is the tempera-
These results were obtained using junction capacitance mng_re, andkg is the Bgltzmann constant, andE,c are con-
surements orp/n or n/p structures to measure the emitted hected by the MNR:

char_ge. Atypical d_evice is held at some reverse bias ar_1d_ then IN(vg)=a+bE.q, )

a brief forward bias pulse at elevated temperature injects

charge into the doped layer under investigation. This chargwith a andb positive constants. The slope of Hg) defines
injection produces metastably trapped electrons and holeis, by b '=kgTis,. All r(T;s) are the same in the MNR

By plotting the logarithm of the characteristic emission timefamily. In these equations, would be an attempt-to-escape
for electrons and holes versus the reciprocal temperaaure frequency. However, we see thay can vary by many
Arrhenius ploj, straight lines are obtained, and from their orders-of magnitude.

slope the activation energy for defect annealing is deter- The MNR is obeyed in many transport processes in solids
mined in boron-dope@-Si:H. These lines are not parallel, and liquids. It has been observed in systems as diverse as
and their extrapolation suggested that they would intersect diguid semiconductorsand protein denaturatichin many
about 360 K. This intersection at a finite temperature suginstances where the MNR is obeyed the activation energy is
gested that this metastable system obeyed the Meyer-Neldgluch greater than the highest system excitatjpimonons

rule (MNR) or compensation law as this type of behavior isenergy. Perhaps the first systematic observation of this rule
also callec? The intersection defines the isokinetic tempera-was in diffusion in crystalline solids where it was given the
ture (Tg,); nevertheless from the limited experimental data ithame the “compensation law> The term “compensation”

is not at all clear that the characteristic emission times willcertainly represents the essential physics since the law means
follow the straight line extrapolations all the way down to that the increase im, with E,; compensates for the Boltz-
360 K. Furthermore it is a question of deep scientific interestnann factor in reactior(1). There have been various at-
whether the emission times will continue to follow the sametempts to explain Eq2). See Refs. 6 and 7 for a discussion
straight lines on the Arrhenius plot beldki,. In the present of the different approaches. Perhaps the most satisfying are
study | show that this is indeed the case. The measuremeniise models based on the realization that there is considerable
determine both the enthalpy and entropy changes for the twentropy associated with the assembly of a large number of
reactions. In addition | suggest how these defect reactionsystem excitationgphonons together at a particular site to
control dopant equilibration. make a thermally activated jump over a barfiet.

B. Background 2. Meyer-Neldel rule in amorphous silicon

Many properties of hydrogenated-amorphous sili¢an
Si:H) such as: diffusiofl,conductivity’® and metastable de-

The large body of literature amassed since its discovery ifiect (MSD) annealing ratés exhibit a MNR behavior. The
1937 attests to the widespread applicability of the Meyerditerature contains many examples of annealing of metasta-

1. Meyer-Neldel rule
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50 electronic conductivity are in equilibriuniey, depends on
sl the dopant type, it is 403 and 363 K for andp-type doping,
respectively*®1° They argued that the temperature at
3ot which H freely moves through the material and mediates
= MSD equilibration determine§q,. In addition they sug-
- 20} gested that annealingecovery kinetics were determined by
hydrogen diffusion, being faster ip-type than inn-type
10 a-Si:H. They further showed that annealing followed a
KohlrauscR® or stretched-exponential time dependence,
8_0 modeling the annealing kinetics in terms of dispersive hydro-

gen motior?* However, it was shown later that this model
E,..(eV) was not unique and did not prove that H was involved in
defect equilibratiot:?2Nevertheless Branz and IwanicZRo
FIG. 1. Logarithm to the base of the attempt-to-escape fre- demonstrated thafte,, did indeed vary in the predicted man-
quency vs. actiyation energy for annealing of metastable changes iRer with the H diffusion constant by measuring a series of
a v_arlet)_/ ofa-Si:H structures from Ref. 11. The symbols are ex- samples of varying H content. Stutzmahrshowed that
plained in the reference. quenchingn-type samples abovEe, results in an increase
in the density of active dopants. So it seems clear that defect
bilities in a-Si:H. See, for example, Ref. 11 and referencesequilibration in doped-Si:H results in dopant activation or
therein. These metastable effects include; the well knowrleactivation. Furthermore, McMahon and Tsu found that
Staebler-Wronski effect where transport properties degrad€,, =473 K in undoped amorphous silicdnThus for both
following strong illuminatiom> metastable charge- undoped andp-type T, and Tequ @ppear to be about the
trapping'® quenched-in defecté;*>and photo induced struc- same. In this paper | will suggest a reason why these two
tural changes® In many cases detailed annealing studies detemperatures are similar.
termined the defect annealing kinetics and from these the
annealing activation energ¥g.) and attempt-to-escape fre-
quency(»).127117n 1991 | collected the then-available data
for annealing of light-induced and charge trapping induced The annealing transients of metastable defects obey a
metastable changes as well as quenched-in defects and plstretched-exponential time dependence irrespective of the
ted them as Inf) vs E .. E.cvaried from 0.3 to 1.8 eV for mode of production or detection. Usually their presence is
measurements on doped and undoped films and devices. Figetected by measuring their effect on some property of
ure 1 shows a MNR plot foe-Si:H taken from Ref. 11. @Si:H such as changes in the conductivity or solar cell effi-
Although there is considerable scatter in the datal,ig  ciency. If their presence is monitored by capacitance, as in
~490 K is determined from the line in Fig.}t At the time  this work, then they are referred to as charge-trapping defects
it appeared that there was a sindlg, characterizing-Si:H.  because a charge change is observed to accompany their an-
However, this is not the case and the actual situation is thaeal. Presumably the defects monitored by different methods
T., for doped and undopeatSi:H are different, as shown in are the same. For example, annealing metastable defects in
the present work. The data in Fig. 1 are determined from th&olar cells can be monitored by changes in solar cell proper-
a large family of defect annealing reactions all of which wereties as well as capacitance. Both methods give the same an-
analyzed forE,, and » obtained by an extrapolation of the nealing curves® Therefore, in this paper | use charge emis-
log (7) versus 1/temperature line to infinite temperature.Sion and defect annealing to mean the same phenomenon.
However, there could be smaller families of reactions with a My co-workers and | previously used isothermal capaci-
slightly different T, that would not be apparent because thetance tlr??%ents to probe charge-trapping defect annealing in
data in Fig. 1 are heavily weighted by the large number of-Si:H.*">“”In solar cells either light or carrier injection
measurements on undopasi:H. Only by measuring emis- Produced holes or electrons trapped metastably in ithe

sion rates above and beloW, can its value be uniquely layer:*Although the annealing activation energy depends on
determined. the sample, holes always have the higher activation energy

and annealemit the chargeslower? All these measurements
were madebelow T,. In doped material | also found that
both signs of carrier can be trapped in the same layer above

The Xerox grou put considerable effort into study- T,,.> However, these measurements showed the surprising
ing quenched-in metastable effects in dopeSi:H, and pro-  result that the carrier with thiigher activation energy is
posed the “hydrogen glass model” of MSD equilibration. emitted quicker than the carrier with the lower activation
They found that rapidly quenching a sample of dopesi:H  energy. This contradictory result is a property of the MNR
from elevated temperature resulted in an increase in the comule for measurements maddovethe predicted isokinetic
ductivity, and thus the number of active dopants. Thetemperature. In this paper | show thhelow T, the normal
changes are not permanent but anneal with increasing rate behavior for thermal emission is observed, with the carrier
an equilibration temperatureT () is approached from be- with the lower activation energy being emitted fastest. The
low. They argued that abovE,,, the states that control the reason for this behavior is discussed in this paper.

4. Metastable defects in amorphous silicon

3. Defect equilibration in amorphous silicon
I’54,18,19
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C. Outline 0

Section Il describes the details of sample preparation and
measurement technique. Section Il presents results of pro-
duction and annealing of metastable defects. Section IV dis-
cusses the results and shows the MNR behavior for charge
emission data above and beldw,. | summarize the results
in Sec. V. 2

Bias (V)

1. EXPERIMENT AND DETAILS
A. Sample preparation

The a-Si:H junction devices used in this study are fabri-
cated using plasma-assisted chemical-vapor deposition of si-
lane and doping gases. Trimethylbor6iMB) and phos-
phine, respectively, are used for tpe and n-type doping.
The general device structure is stainless steel substiate/
layeri layerp~ layerp™ layerTCO.

Then* andp* layers are typically 20 nm thick, and the
p~ layer is about 4000 nm. A 5—10-nm-thick undoped layer time

. . - n .
IS deposggd tl)et\geen g’@ and/n _Iaye_rs t(.) av?:_d ﬁxcess FIG. 2. A sketch of a bias pulse and the resulting capacitance
reverse bias leakage because/a jqnctlon IS @ Nigh €on- yansient for majority carrier emissio@(—0) is the capacitance
ductance reEomblnatlon_Junctlon. Either TCO or Pczj top CONjyst hefore applying the bias pulse.

tacts to thep™ layer restrict the sample area to 0.05°cithe

doping gas concentrations in Sildre 0.4% TMB for thep™* As previously discusseth;?”2¢ majority carrier emission
layer and 0.5% Pgifor the n™ layer. This procedure pro- transients measured in the vicinity of room temperature ex-
duces a good Ohmic contact to the lightly doped layer. Fopihit an entirely different character from those measured at
the p~ layer, the TMB/SiH ratio in the gas phase is glevated temperature that are presumably due to emission
0.00016. from metastable defects. Capacitance transiéfus short
filing pulses representing hole emission from a dangling
B. Measurement technique bond follow a fast power-law decay and are virtually tem-
perature independent. This behavior is observed for Ables
in lightly doped p-type matures electrons in lightly doped
n-type materiaf® Charge emission from a MSD is best de-
scribed by a stretched-exponential function of the form:

Capacitance

C(-0)

To determine the charge trapped on metastable defects
apply the familiar junction-capacitance mettf8dThe ca-
pacitance is measured using a lock-in amplif@tanford In-
struments Model 850at a frequency of 10 kHz and an ac
test voltage of 0.03 V rms. The dev_ice_is_ mounted on a N(t) = Nyee~ Hmed”, (4
heated sample holder capable of maintaining a stable tem-
perature(+/—1 K) between 299 and 600 K. As described exhibiting a strong temperature dependenblg,, is the
above, the samples consist of thin heavily dope$i:H lay-  original number density of metastably trapped charggy
ers and a much thicker lightly dopeg layer. Therefore, their relaxation time and the dispersion constant which is
changes in the depletion width\(;) due to changes in the 0<a<12° Furthermore, the emission time from dangling
applied bias voltage occur in the lightly doppdayer. The  bonds follows a linear scaling law with the injection tirfre,
measured capacitanc€¢ 1/\Wp) reflects the electronic pro- whereas the charge emission time from a MSD follows a
cesses near the edge of the depletion width at its intersectidogarithmic scaling with the injection time anbly; in-
with the p layer bulk. creases rapidly with increasing temperature. In this paper |

Figure 2 is a schematic of a majority carrier emissionwill show only the slower transients described by E4).
transient following charge injection into the depleted region.

Trapped charge initially causes a decrease in the capacitance 1. Isothermal degradation

owing to neutralization of some of the original depletion
charge. With time the trapped charge is emitted &d)
approache€(—0), the initial capacitance. Using the deple
tion width approximatiorf® the trapped charge\(t), is re-
lated to the capacitance by

Capacitance transients can be obtained in either an iso-
thermal or heat-quench mode. In the isothermal mode one
" applies a reverse bias of, for examplel V, and waits until

the capacitance reaches a steady valfe-0). The bias
voltage is then increased to inject charge for 0.1 ms—1000 s,
permitting previously depleted regions to fill with charge.
N(t)e<|AC?(t)| =|C?(t) — C*(—0)]. (3)  This charge is captured by either existing defects or may
produce new ones in the mobility gap. After abruptly switch-
For minority carrier emission, the transient is positive ratheling the bias back to its original value ofl V, the charge
than negative as it is for majority carrier emissigtig. 2). carriers in shallow traps are immediately swept out, whereas

195210-3



RICHARD S. CRANDALL PHYSICAL REVIEW B 66, 195210 (2002

charge trapped by metastable defects is thermally emitted on 0
a much slower time scale producing the observed transient.

A difficulty with isothermal degradation is that both the
magnitude of the capacitance change and the emission time
of the charge transient depend weakly on the degradation
time?® Since at lower temperatures a longer degradation
time is necessary to give a measurable charge emission tran-
sient, the emission transients may not be representative of
the same starting conditions as those at elevated temperature.
This is especially true for minority carriers since they must
diffuse over a high potential barrier into the depletion width.
This behavior skews an Arrhenius plot of emission time ver- -, ‘
sus reciprocal temperatufeTherefore | will use a variation 0001 001 01 1 10 100
of the heat-quench method used by the Xerox group to mea-
sure metastable relaxatidf.

-1000

-2000

C?(t)-C2(-0) (nfd?)

-3000

-4000

Time (s)

FIG. 3. A capacitance transient measured-atV bias at 429 K
2. Heat-quench method after quenching from 480 K at 0 V. The solid line through the data

Prior to each measurement the sample is equilibrated é{oi_nts_ is the fit_o_f a stretched exponential function showing hole
the measurement temperature and bi4g,J until the initial ~ emission. The fitting parameters afge=22.5 s andx=0.6.
capacitance attains a steady value. Then the temperature is
raised to about 480 K for 10 min at forward biag{;) and  material layer. The sample is the same as shown in Fig. 3.
then cooled to the measurement temperature at a rate fowever, V,.,=0V and Vi, =0.5 V. Initially AC?(t)<0
about 5 K/min. The time at 480 K is long enough for all the showing that more holes than electrons are trapped in the
defects to equilibrate. This equilibration procedure is S'm'lardepletion width. LaterAC%(t) increases as the trapped holes
to that used by the Xerox grodp.However, the cooling are emitted, HoweverA C2(t) overshoots zero because the

procedure u'sed n thg present junction dewces IS sl.ower. I?’Pﬂepletion width still contains trapped electrons that are emit-
cause the bias remains forward of the measuring bias duri d later than the holes. Note that if the electrons were

cooling, charge that is emitted is not swept out of the Junc';?apped in then* layer they would give a majority carrier

tion and has a chance to be re-trapped metastably durin . . 2 .
cooling. When the temperature is stable, the bias is the :i1n5|ent W'FhAC (t)2<0' Thus they must be trapped in the
p~ layer. Finally AC%(t) returns to O as all the charge is

changed toV,., to measure the charge emission transient!

Any charge that was emitted during cooling and did not refinally emitted. The dashed lines representing the two

combine is immediately swept out of the junction and is notStretched-exponential decays used to fit the data also show
observed in the transient. that at the shortest times about 50% more holes are trapped
than electrons. For these transients the minority carrier elec-

ron is emi nearly 1 imedowerthan the hole.

IIl. EXPERIMENTAL RESULTS tron is emitted nearly 100 timeslowerthan the hole

This section describes results of measurements of defect

annealing and its analysis. All measurements are made on 2000 1 — — T T rrmm ' l _'
p-type a-Si:H between 310 and 475 K.
1000 electrons
A. Above T, o
Figure 3 shows a capacitance transient measured in a typi- E 0

cal heat-quench cycle. Holes are injected into the depletion &
region during the equilibration phase at 0 V. Some are Nc;_woo
trapped metastably and widen the depletion width decreasing £ e ,
the capacitance. During the charge emission phase2av, 0_2000 | ,~—holes _
the depletion width returns to its original value as the in- /'
jected holes are emitted. The solid curve through the data 3000 7 |
points is a stretched-exponential function. The data do not _._.m-—"l Cood ol o ol
show any minority carrietelectron trapping and subsequent 0.001 0.01 0.1 1 10 100 1000
emission because the equilibration bias is only 0 V. At this Time (s)
Vior, few electrons surmount the potential barrier from the
n" into the p~ layer. However, increasinyy, lowers the FIG. 4. A capacitance transient measured at 0-V bias at 427 K
potential barrier for injection and produces a measurablguenched from 480 K at 0.5 V. The solid line through the data
electron emission transient. points is the combined fit of the two stretched exponential functions

Figure 4 is an example of a transient that shows that botBhown by dashed and dot-dash linege=4.7 and 403 s for holes
holes and electrons can be metastably trapped in the sanaad electrons, respectively.
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C3(t)-C2(-0) (nid®)
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FIG. 7. Sketch of the Gibbs free energy change for hole and

FIG. 5. Capacitance transient measured at 0-V bias at 313 (electron emission vs temperature.
quenched from 480 K at 0.5 V. The solid line through the data
points is the combined fit of the two stretched exponential functioniprocal temperature for both electron and hole emission.
shown by dashed and dot-dashed lingg,= 46000 and 5500 s for The slope of each line determines the activation energy for
holes and electrons, respectively. emission of the trapped carrier from the defect. The intercept
of the line with the infinite temperature point giveg.v

B. Below Tig,

Figure 5 shows an emission transient at lower temperature IV. DISCUSSION
with the same heat-quench cycle as used for the data in Figs. The data presented in Fig. 6 clearly show that charge
3 and 4. Initially AC*(t) <0 showing that more holes than emission from metastable deféctsa{Si:H obeys the MNR.
electrons are again 2trapped_ in the depletion width. First, inI'his example of measurements showing charge carrier emis-
coqtrast to Fig. 4AC*(t) begins t9 decrgase aiectronsire sion above and belowW;s, gives an unambiguous determina-
temltted befhorle any h°|eitagle Ie:m|tttﬁd. FlgatNy: l:()? 'retgrntsl tion of Ti,. Usually measurements are made only below

0 zero as holes are emitted. For these data obtained at lower - :

temperature than those in Fig. 3, the hole emission time ag'rsr(’r;e-[]?&: to determind s, one must extrapolate a series of
N ) plots for different samples to a point where all the

lengthened more than the electron emission time. This tra ines would cross to defin&.,. Sometimes this procedure

sient at 31.3 K is just the opposite Of. what is qbserved at 42dcan introduce sizable errorslsci)ﬁ the determinatiorT gf be-

K' At the higher temperature th_e majority carrier was emitte cause the extrapolation is over a large temperature. The lines

first and now the minority carrier is emitted first. in Fig. 6 cross at a unique point giving a value Bf,

Figure 6 shows an Arrhenius plot of lagf) versus re- ~ 350 K. Furthermore they showy,; €xtending over a large
region on either side Of g,.

To correctly describe these charge emission transitions we
must treat the defects as thermodynamic objects and use the
Eyring theory® to calculate the reaction ratdor a transition
over a potential barrier. Figure 7 is a schematic showing a
typical transition from an initial state over a potential barrier
to a final state. Only the transition to the top of the barrier
governs the reaction rate since it is assumed that the transi-
tion across the barrier top is so fast that it does not affect the
overall rate. In this theory is given by

electrons
holes s
Ref.(19)

@]

TMet(S)

r= Tl\_/kjé-t: VOOG_BAG: VOOe<AS/kB)e_IBAH1 (5)

where AG=AH—-TAS is the difference in Gibbs free en-
ergy between the initial state and the top of the activation

:|_|_|_|m| ||||un| 11 ol 10

i

2.4 2.8 3.2x10° barrier for the transitionAH and AS are, respectively, the
A enthalpy and the entropy of the defe6t:- 1/kgT, andv, the
1/Temperature (K") Eyring constant given by.=kgT/h, with h the Plank con-

FIG. 6. Charge emission times for holes and electrons vs recip$t@nt. The change in enthalp)Akl) is equivalent to the
rocal temperatureTs,= 350 K. The lines are fits to the data points. €MISSION activation enerdy ;.

E..=0.94 and 0.51 eV for holes and electrons, respectively. For the present system the reaction rates for both hole and
=2.4x10'" and 15000 s for holes and electrons, respectively. €lectron transitions are equal &t,. This requires theAG
The triangles are from Ref. 19. for each transition to be the sameT},, in turn requiring
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that (AS,—AS,) Tiso0=(AH,—AH,). The subscripts refer to

PHYSICAL REVIEW B66, 195210 (2002

is sufficient to fill all the dangling bonds. This time is appar-

the hole and electron, respectively. In fact, this is a genera@ntly independent of temperature. Metastables defects are
result for a family of reactions such as those studied here. fiilled (or formed slowly with injection pulse timé:

may be stated that a family of reactions obeys the MNR if

and only if the ratio AH;—AH,)/(AS;—AS,)>0 at some
finite temperatureT;g, is equal to this ratio. Using this gen-

Thus it does not seem possible that charge trapping by
isolated dangling bonds can explain the results presented
here. However, this does not rule out trapping by dangling

eral result and forming the ratio of transition rates for a pairbonds that are part of a molecular complex. The MSD mea-

of reactionsy, andr,, using Eq.(5), gives

1 o BUAH; - MR- (T
>

(6)

Equation(6) clearly shows why the ratio of the pair of emis-

sured in this work is most likely a complex of two or more
atoms. In the following | discuss the main features that a
MSD needs to explain the data presented above.

BranZ? discussed a variety of charge-trapping reactions
that might explain the MSD involved in defect equilibration.
These reactions all involve a bond switching which would

sion rates goes through unity and a particular transitiorpresent a potential barrier for MSD formation or destruction.

changes from faster to slower &,; the transition with the
larger AH is faster forT>T, and slower forT<Ty,, as

shown in Fig. 6. Note that the opposite situation is not pos-

sible.
It is straightforward to find that the individual entropy
changes. The MNR states thais independent oAH at the

It seems possible that this kind of reaction might be involved

in the reactions involved in this paper.

The simplest type of MSD consistent with experiment

would be amphoteric. The bistable charge-trapping reactions
involving two atoms and charge emission and bond rear-
rangement sketched below might govern MSD production

isokinetic temperature. To have this condition there must band capture:

an entropy term that is proportional AH and of the correct
sign so that the coefficient AG in Eq. (5) is zero atT
=Tiso- This term must beAS=AH/T,,,. There could be,

MEFt 4+ X oM, + X +h* (78

however, additional entropy terms that do not depend omnd

AH. Thus the measured entropy changes are
ASh=3]kB, ASe:]-?kB

These largeA S values lend support to the model that
represents the number of ways that the necessary number

MI 4 X oM+ X e, (7b)
whereM is some atom whose chargechanges in the reac-
tion andX a neighboring atom that switches a bond wth
Phe subscript® andc are integers representing coordination

phononsp, required to surmount the potential barrier can be, ;mbers. As reactiori7a) goes to the rightM reduces its

assembled® Assuming an Einstein model gives
=AH/E, where E, is the maximum phonon energy. A
simple argumeritgives

AS
ke

N!

=N T N=)1

whereN is the number of phonons in the interaction volume.
For want of a better valud,determineE,, from the peak of
a typical Raman scattering spectrum arSi:H, giving E,
~0.06 eV Thusn s about 16 and 9 anhl is 24 and 16 for
holes and electrons, respectively. As expected, the number
phonons in the interaction volume is greater timasupport-
ing the original conjecture.

The above results and discussion are independent of t

charge by unity and a hole is emitted. The reverse of this
reaction is hole capture that occurs during the injection
phaseM and X either reform the bond or break their bond.
The reaction can go to the left and capture a hole to form the
MSD. Similar arguments hold for reactidiib). To proceed
further requires an assumption of the actual defect involved
in Egs. (7).

One can speculate that the defect involved in the present
experiment is that involved in dopant equilibration where it
is believed that the principal dopant is activated by quench-
ing above the equilibration temperature. If this were the case

en my experiment would probe the characteristic times in-
volved in this process. Making this assumption E@$.can
be rewritten in terms of the dopaftioron to give the fol-
8Wing pair of reactions:

nature of the MSD. However, it would be useful to speculate
on the nature of this defect ip-type a-Si:H. Either two

0 — +
distinct or a single defect could explain my data. Byt Xex @By +Xcth (839
It is tempting to make the simplest interpretation to thegng
data. That is that a hole is trapped on a neutral dangling bond
and an electron on a positively charged dangling bond. This B, +X&BJ+ X« +e7, (8b)

explanation does not seem likely from what is known about

hole trapping and emission from a neutral dangling borid as whereX would be a Si or a Si containing complex that could
as discussed in Sec. Il. Perhaps the best feature to distinguilond to theB when the dopant is activated. This complex
between charge emission from dangling bond and a MSD isould contain arH in analogy with the model for dopant
that there is a temperature and time dependent barrier factivation in n-type Si*3 In steady state these reactions
charge trapping by the MSB,but not for charge trapping on  would proceed in both directions to introconvert the two
the dangling bond® A short (10°* s) charge injection pulse charge states of boron.
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Let the density oB, and Bg that changes in reactid) measurementS. That this is indeed the case is seen in Fig. 6,
be AB, and ABg, respectively. Furthermore | assume thatwhere the triangles are the characteristic times for annealing
the number oB involved in reaction(8) remains constant at ©Of excess dopants iptypea-Si:H taken from Ref. 19. These

the vaIueBeX=ABg+AB; . Then the rate equation govern- data agree quite closely with the charge emissiqn da}ta mea-
ing dopant activation or deactivation is sured in the present work. The dopant annealing timesare

slightly faster thanrye presumably because of the higher
dAB; doping density for the equilibration measureméntabove
TzABgrh—AB;re (99  Ti the equilibration times are governed by the timeirte
creasethe density of bandtail holes. BeloW, the equili-
and dAB, /dt=0 in the steady state. Combining Eq9)  bration is determined by the time tecreasethe bandtail
and (6) one obtains: holes. This is the reactiofiEq. (8b)] that produces electrons
(destroys holes. If this were not the case and the annealing
time for excess dopants were determined by the hole produc-
ing reaction(8a) then the annealing time would have be over
an order of magnitude slower than the measured value. These
Equation(10) shows the essential result thet, separates results suggest Whil g, is S0 close toTis,. Both defect

the region of excess dopant activation from the region ofquilibration and charge emission are governed by the same
excess dopant destruction. During charge injectionTat reactions.

>Tequ Tisos oOle emission, reactiof8a), is much faster than
electron emission producing an exces8gf. Below Ty, the V. SUMMARY
opposite situation applies, giving an excessB@f

Equation(9) is readily solved to describe how the system
approaches the steady state following a disturbance. For e
ample, the annealing of excess dop&niB, (0)] is de-

AB, — r_h:e—B(AHh—AHe)[l—(T/TiSO)]_ (10)
AB; r¢

This paper shows that it is possible to measure metastable
trapped-carrier emissiofdefect annealingboth above and
Below the isokinetic temperature in the same sample. This is
possible because in dopedSi:H it is possible to simulta-

scribed by neously trap holes and electrons on metastable defects and
r also thatTig, is low enough to permit measurements above
AB; (1)=AB, (0)e (n*relt4 h Tiso- Surprisingly, each sign of charge has its own annealing
(fhtre) activation energy(charge emission rate Measuring the
X ABg(1—e~ (m*relty, (11) charge emission rates of both electrons and holes between

313 and 480 K permits an unequivocal determination of the
with the quantity €, /(rn+re))ABey giving the steady-state jsokinetic temperatureT(s,= 350 K). The enthalpy changes
density ofAB, . Equation(11) shows that in an annealing for hole and electron emission are 0.94 and 0.51 eV and the
measurement the fastest reaction will dominate the annealingntropy changes are 31 and 17 Boltzmann constants, respec-
time. tively. Below T, electrons are emitted faster than holes, and

Similarly the increase in excess dopant due to a disturaboveT, the reverse is true. These relative changes in emis-
bance, such as rapidly increasing the temperature is given kjon rates are a direct consequence of the large entropy
the expression changes in the emission reactions.

ABZ=Bexr inr (1—etetmn). (12 ACKNOWLEDGMENTS
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