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We have been able to determine the density of states map in the band gap of a semiconductor by the
measurement of the phototransport properties of its majority and minority carriers. In particular we found that
the carrier recombination isingle-phasehydrogenated microcrystalline siliconu¢-Si:H) is significantly
different from the one in hydrogenated amorphous silicarS{:H) and that it is controlled only by its two
band tails. The comparison of the observed temperature dependence of the phototransport properties of this
material with model simulations further suggests that, while the conduction-band tail has an exponential
distribution of states, the valence-band-tail states have a Gaussian-like distribution. This, in turn, meets the
challenge of the determination of the analytical shape of the density of states distribution from experimental
data. Our experimental procedure implies then that this distribution is associated with the route through which
the transport and phototransport take place and thus we conclude that both the recombination and transport in
undoped single-phasec-Si:H take place in the disordered layer that wraps the crystallites. We further con-
clude that, from the transport and phototransport points of view, the single-plas&:H is, in general,
different from both polycrystalline silicon aret Si:H. The polycrystalline-silicon-like behavior, when found,
appears to be an asymptotic case in which the crystallites are large enough, whi&ithebehavior prevails
only when there is a significant content of its phase within the system.
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. INTRODUCTION sults can be identified as due to the presence ofat®i:H
phase, but the authors attributed them to be meaningful fea-

Since the discovery of the higher efficiency and stabilitytures of the heterogeneoug-Si:H system. In the few cases
of solar cells based on hydrogenated microcrystalline silicomwhere the contributions of the various phases were consid-
(mc-SizH) this material has been studied intensiveffrom  ered, general statements concerning the importance of the
both the applicatiorts(that utilize hydrogenated amorphous boundaries were usually given, but no specific models have
silicon technology and basic physiés’ points of view. In  been suggestetf'? Specific models were proposed only in
spite of the corresponding wide interest in the transport andery few studie$:*>4
phototransport properties of this sysfethe understanding A fundamental issue that has not been resolved for the
of these properties is still at a rudimentary lévahd very  uc-Si:H systems is their density of statd®0S) map. While
little is known about the localized state distribution in it. The a few partial(only in the proximity of the conduction-band
main problem in the basic understanding of this material iedgé DOS maps were proposéd’®a full DOS map for any
that its heterogeneous composition may contain, in principlepc-Si:H systems has not been reported. In particular, since
at least three well-defined phases. These are the silicon mike system is ill defined, the states observed in the corre-
crocrystallites, the hydrogenated amorphous silia8(:H)  sponding pseudogaps can be attributed to the various phases
and the voids. In addition there are the disordered silicorand boundaries. Of these, the contribution of nSi:H
tissues, or the boundaries, between each two of the differemthase may be responsible for the observed dangling bonds,
phase$:®° Such are the boundaries between adjacent cryshut these may also belong to the above-mentioned 1&)éts.
tallites and disordered layers that encapsulate the columns of Following the above considerations we have carried out a
crystallite that are formed upon the deposition of the comprehensive study of the DOS in samples of the much
nc-Si:H layers. In factuc-Si:H, as studied and described simpler single-phasgc-Si:H system that we define here as
thus far, is actually a wide class of materials rather than @ phase that consists only of silicon microcrystallites and
well-defined systerfi. This problem was often overlooked their boundaries. This study is expected then to enable the
yielding questions such as “why is the transportuin-Si:H  distinction between the contribution of the network of the
so similar to that ira-Si:H?” 2 Hence, it is not clear if mea- microcrystallites and the contribution of tiaeSi:H phase in
sured properti€s**that are usually similar to those found in the heterogeneous systems that are commonly studied. In
a-Si:H are inherent in the.c-Si:H system or are they the particular we expected that since our experimental méthod
contribution of the amorphous phase. For example, the transavolves transport and phototransport measurements, the
port properties were explainEd>®by intercrystallite per- derivation of a DOS map would also yield information on
colation models, conduction in tha-Si:H phas&’ and/or the transport routes in this system and shed light on the ob-
conduction via the above-mentioned lay&$® Examples  servations in the heterogeneous systems.
for the unclear situation are the wotRg! in which the re- In this paper, we are able to show that the single-phase
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wuc-SiH is very clearly distinguishable from-Si:H in the  ever, that we have used in the present study exactly the same
behavior of its phototransport and to derive a full map of theconditions that we have applied previously in all our
states inuc-Si:H systems in general and in the single-phasestudie$”® of a-Si:H and in particular on thea-Si:H
material in particular. Our analysis shows that in our single-sample$” that were preparetapart from the hydrogen dilu-
phaseuc-Si:H the dominant recombination centers, as intion) under the same conditions as the currently investigated
chalcogenide$*?**are the band tails. In addition, we provide Single-phaseu.c-Si:H samples. This ensures that we reveal
here an experimental confirmation of the Rose th%sofgr reliably the differences in the DOS maps of the two phases.
recombination in band-tail systems, and we meet the'he experimental technique and the derivation of the pho-
challengé® of an experimental determination of the analyti- totransport properties were as we have described in great
cal shape of the DOS of the band tails. The presently derivegetail previously>%%%*
DOS map has then consequences on the understanding of theBriefly, we measured the photoconductiwyy,, the light
transport and phototransport properties qfc-Si:H, intensity (and thus the carrier generation r&, the ambi-
chalcogenidé®?*and porou$’ semiconductors. polar diffusion lengthL, and the temperaturé We derived
The structure of this paper is as follows. In Sec. Il we givethen the mobility-lifetime product of the majority carriers
the experimental details and in Sec. Il we present the exthere the electronsrom the relation fu7)e= ue(n—ng)/G
perimental results and discuss them. In Sec. IV we describe opn/Gq, whereq is the electronic charggu, is the elec-
our comprehensive modeling study and in Sec. V we derivéron mobility, n is the free-electron concentration, anglis
the most likely DOS map of the system at hand. Finally, inthis concentration under equilibriutm the dark. Similarly,
Sec. VI, we discuss the implication of the derived DOS mapwe derived the mobility-lifetime product of the minority car-
on the problem of the transport and phototransport routes anders (here the holgs from the relation fu7)p=un(p
mechanisms inuc-Si:H. —po)/G=qL?2kT. Herep is the concentration of the free
holes andp, is their concentration in the dark, akds Bolt-
zmann's constant. Assuming a power law dependence of
(u7)e and (u7)y On G, we experimentally obtain the light
It is well known**?82%that under high hydrogen dilution intensity exponentsy, and v, from the relationsy,—1
variousa- Si:H-like deposition methods yieldc-Si:H mate-  =d[log(un)el/d[log G] and y,—1=d[log(u7),]/d[log G].
rials. In this work we have studied two sets of single-phase
wnc-Si:H samples prepared by the hot wiitdW) chemical IIl. EXPERIMENTAL RESULTS
vapor deposition technique under very high hydrogen dilu-
tion (90%). The second set was prepared under the same From the temperature dependence of the dark conductiv-
conditions but a year later in order to ensure the reprodudty o we found the significant parameters of the conductivity
ibility of the experimental behaviors. Since the results werethat is described by the relatiom= o exp(—E,/kT). For
much the same we concentrate in this paper on those that wemperatures above 200 K, the conductivity activation en-
obtained on one of the samples. For comparison, we havergy was found to b&,=0.34 eV and the conductivity pref-
also examined the phototransport @fSi:H films prepared actor was found to ber,=5 (Q cm)™!. Recalling the con-
under exactly the same conditiofsubstrate temperature of ventional consenstié? that undopedu.c-Si:H is n type, and
175°0 but with no hydrogen dilution. The details of the using the common corresponding proced(ifé**for the de-
latter study and its results have been presented previ&usly.termination of the position of the dark Fermi levek; , with
The substrate we used for the study of the transport antespect to the conduction-band ed@g, [i.e., the enforce-
phototransport properties was Corning 7059 glass. Thenent of the prefactor ofrq=150 (2 cm)~ ], we got the
preparation of oup.c-Si:H samples and some of their room value ofE.—Er=0.46 eV that we will apply below. This is
temperature structural, optical, and electrical properties havim contrast with the E.—Eg=0.65eV value that we
already been describéiin particular, the typical crystallite obtained? for our “hot wire” a-Si:H material and the simi-
size in our samples is between 10 and 20 nm. For the preselatr typical values obtainé for undopeda- Si:H.
purpose, this and the fact that the Raman spectrum analysis Let us turn now to the results of the well-defined four
has revealetho a-Si:H phase in theuc-Si:H materials and  phototransport properti&s®*3*from which we derive in Sec.
no wc-Si:H phase in the aSi:H materialsare of great sig- V the density of states distribution. Since all the evidence in
nificance. the literature®>% is that undopeda-Si:H and undoped
Our transport studies were carried out using our standargt.c-Si:H are n-type photoconductors, we assumed that the
two-probe(silver-evaporatedmeasurementé as a function measuregr product of the majority carrieii.e., the one that
of temperature. In our phototransport measureni®nt®  dominates the photoconductivityis the mobility-lifetime
have applied a He-Ne laser illumination that supplied aproduct of the electrons. Correspondingly, we denote here
power of 7 mW, yielding a maximum generation ra@,of  the w7 product that is determined from the photoconductivity
107 cm 3sec ! carrier pairs. For the determination of the by (u7).. In Fig. 1(a) we show the typical temperature de-
dependence of the phototransport properties on this rate wmendence of 4 7), of our single-phasg.c-Si:H samples. We
have variedG between that rate and ¥ocm 3sec’l. This  note first that the room temperature value obtained for this
relatively high generation rate is required in order to enablanajority carrier w7 product is in excellent agreement with
the linear conditions necessary for the application of the phoprevious results'?3’on uc-Si:H. More importantly, we see
tocarrier grating techniqu:*! The important point is, how- that, with the increase of the temperature there is a mono-

Il. EXPERIMENTAL DETAILS
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photocurrentMPC) measurementéand from the very large

Z 107 (@ o response times observ&dn uc-Si:H.

E : °7 Following these findings we note that the nature of the

B 10 06 states through which the recombinat_ion actually takes place

= . 05 is not disclosed by the above-described results. In fact, we
ﬁ know?® that such results reveal essentially only the nature of

107 .'\._u\.\fc’ - @ Jos the states that enable the charge neutrality compensation, and
- \“'\ 05 not the ones in which the main recombination takes place. To

04 find the latter states we must follow then the recombination

LT, (em’iv)

3 40 gz in the states through which this process does take place. In
2 4 6 8 1012 2 4 6 8 10 12 ' other words, if we adopt the above picture of the conduction-
1000/T (K™ 1000/T (K™) band tail the above results cannot discern the states where the

recombination actually takes place. The latter states can be

FIG. 1. Our experimentally dete_rmlned temperature (_jependencreevealed' however, by the study of the phototransport prop-
of the four phototransport properties of a sample of single-phase

microcrystalline silicon that was deposited by the chemical vaporert'_?ﬁ of the r;"nnorlt%/ carriers, in our Ctase, the hOI(?S' is d
deposition—hot wire technique. The curves are guides to the eye. e complementary measurement we are using 1S de-

signed then for the determination of the phototransport prop-

o . ) . erties of the holes, and these are associated with the state
tonic increase of about an order of magnitude ). . This distribution in the rest of the pseudogap. In Figc)lwe

is a very general behavior that is typical of recombination iNghow the results of our measuregiq), as a function of

i ,33 1125,33,35
both.a single levé? or band tagls% We further hote temperature. We see that there is a monotonic increase of the
that in contrast to this monotonic behavior, there is a non-

tonic behavior i " here there i iab obility-lifetime product of the minority carriers with tem-
monotonic behavior In Systems where there IS an apprecia .Eerature. The simultaneous monotonic increases wof) {

concent_r_ation of dangling bonds. In th_ose systems ther_e %nd (w7)y, is typical, as well as expected, in the presence of
competition between the recombination in the danglmgtwo band tails. Indeed, this is also the expected behavior of

bonds and in a band tail. The latter process is accompanieéi_Si_H in the absence of dangling bori&®In particular, as
then by the thermal quenching and sensitizatio ) : '

henomen 3 that are well known and auite well under-r\Ne will show here, the decisive information is derived
gtood ina-Si-H 2230.3336 q mainly from the monotonic temperature dependence of the

. . . corresponding light intensity exponent of the minority carri-
ntonsiy exponens. with temperature, This result s consia. S 7. The temperature dependence s is presened i

; et = ' o2 2 2R Fig. 1(d). Having the four ndencies of Fig. 1 we turn
tent with the recombination in an exponential distribution of g. 1d). Having the four dependencies of Fig € turned

. . o . to deduce the DOS map in our single-phage-Si:H
band-tail state$>?° The corresponding quantitative predic- . . ,
tion of the simple theory of Ro%&for such a distribution is samples by a comprehensive study of model simulations.

that the value ofy, is given by
IV. SOME DETAILS OF THE MODEL AND THE

ye=T/(T+T), (1) COMPUTER SIMULATIONS

In general, the model, the parameters, and the procedure
where kT, (=E) is the width of the exponential that we used, for the derivation of the computed DOS map,
conduction-band tail. The results shown in Figo)lare well  were similar to those used by Tran farSi:H.%® Our selec-
fitted by a value okT.=28 meV. The value we found then tion of the initial parameters followed, however, the informa-
is in excellent agreement with the well-known conduction-tion we had from our experimental stu@see Sec. I)land/or
band-tail width ina-Si:H.3® The increase ofy, at higher values given in the literature. The motivation for the particu-
temperatures is simply associated with the effect of thermallyar, but systematic, selection of some of the parameters is
generated carriers, which will not be discussed here. explained here and in the Appendix. We have carried out a

Both the results of £7), and y, show that there is no very comprehensive model-simulation study for various
evidence for thermal quenching in the temperature deperDOS distributions in order to account for the experimental
dence of {u 7). and for a corresponding sensitization that isresults given in Fig. 1. However, for the sake of brewitg
knowrf22°3%to be manifested by a peak in the temperaturepresent here only some of our resulis our simulation stud-
dependence ofy, with y.>1 values. Considering the fact ies we went in fact beyond the scope that was considered by
that the present measurements were taken under exactly thean by finding out the simplest model that can account for
same conditions that were applied to our H®/Si:H  the data. We start with a brief outline of the model used in
samples? the lack of these effects, in our present singlethe simulations and then we introduce our computation pro-
phaseuc-Si:H, suggests that there are no detectable daneedure and the selection of the relevant parameters.
gling bonds herésee Sec. Y. Rather, what we observe here  Consider a system ofn types of centers of which the
appears to be a “pure” contribution of the conduction-band-energy levelsg; are given within the band gag.—E,,
tail states to the recombination. Support for this conclusiorwhere E. and E, are the conduction- and valence-band
follows also from the partial DOS map that were deducededges=>=° These band edges have corresponding effective
independently from photocurrent transients and modulatedensities of state®, and N,. The concentration of each
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type of centers is\; and each type is characterized by its Here the subscriph indicates the capture and emission of
capture coefficientsC,,; for the electrons anc€C; for the  electrons and the subscriptindicates the capture and emis-
holes. Under a giveit andG there are steady state concen-sion of holes. The second subscript indicates the initial
trations ofn—n, photoexcited electrons am- p, photoex-  charge state of the dangling bond. The emission rates, as
cited holes whereny (=N exp{—[(E.—Eg)/kT]}) andp, (  above, are determined by the capture and emission under
=N, exp{—[(Ez—E,)/KT]}) are their corresponding concen- equilibrium and are given bye,p=ngfo+Cpi/foo, €n-

trations in the dark. Correspondingly, the concentration of=ngfoCpo/fo-, epo=Pofo-Cp- /foo, and ey
electron occupied centers of typeinder illumination isn;; =pofooCpo/fo+ Where the corresponding occupancy func-
and in the dark it isn;o. The generation-recombination pro- tions fy,, foo, and fqy_ are given byfqy, ={1+2 exg(Er
cessedat E;, E,, and eactE;) can be presented by+1  —E)/KT|+exd (2Ez—2E—U)/KT]} 2, foo=1{2 exd (Er
independent equations. In the steady state we hafzg tte ~ —E)/KT]}fy, , and the sum ruléy, + foot fo_ =1. Here, the

generation ofG electrons as well as the thermal generationfirst zero in the subscript indicates that the quantity is under
from all types of centersXg.;. These are balanced by the equilibrium condition, while the second subscript represents

recombination rates at all these cent&rs; : the charge state of the dangling bond.
The net recombination processit is determined by the
G+3gci—2r¢=0. (2)  capture rate of electrond;=nC,,, and the emission rate of

o holese, , , while the recombination rate & is determined
Similarity at each energy level the balance of thermal genpy the capture rate of holgsC,_ and the emission rate of

eration and the recombination yleldS that for each e|ectr0nsU4: en_ . At DO all four processe@see Eq(g)]
take place; in particular, we recall the capturg=nC,q and
Fei=Fuit9i—9ei=0, 3 the emissiorlJ ;= e, of the electrons. Considering the elec-

. L trons, the contribution of the dangling bonds to the general
wherer ,; is the rate of the recombination of the holes and giing g

0, is their thermal generation. The other equation that has tgeneratlon-recombmatlon equatiphq. (2)] is given by G

: : : - . =U;+U,—Uz—U,. Correspondingly, the change in the
?eenfglé'"ecj is the charge neutrality condition that can be ert'negative charge in the dangling bonds due to the illumination

[that has to be added into the charge neutrality condition, as
given by Eq.(4)] is Ngf FO+2F ~—fo—2 f, ], whereNg is

the total concentration of the dangling bonds.
wheren,o=N;f(E;—Eg) and f(E)=1/[1+ expE/KT)]. We In our simulations, in addition to those presented in pre-

have thenm+2 independent equations with tme+2 un-  Vious reports?*® we also evaluated the recombination at
knowns, n, p, andn, . In the above equationgg;=nNy;€n; each of the dangling bond states as well as the concentration

(wheree,; = C,;N, exf —(E.—E)/KT]), rei=Cnin(N;—ny), of occupied centers of these states. Of course, the concentra-
goi=(N;—ny)e, (where e, =C,N, exq—(E—E,)/KT]) tions of elect(r)on occupl§d dangling bonBs andD " are
andr,;=C,pn;. To find the unknowns one has to solve 91Ven byNqs== andNg,F K and the co(r)respondmg recombi-
Eqs.(2)—(4). We express the mobility-lifetime products from nation rates areNgnF"Cy., NgoF"(nCro—€no), and

the solvedn and p as for the experimental case by f),  NaF €. Wenote thgn that we can conS|d§r each Qangllng
= 1o(N—Ng)/G, and ()= un(p—Po)/G and the light in-  Pond state separately in Eqg) and (3), but since their oc-

tensity exponents byy.— 1=d[log(un).J/dlogG] and ¥ cupation is correlated we must include their effect simulta-
—1=d[log(u7),J/d[log Ce;]. neously. This is done by the above inclusiorddf; and the

The above set of equations is well known and was used igharge neutrality condition in the glob@onduction-band or

numerous simulatior*33¢ For the present work we are Vvalence-band edgeecombination equation.

concerned in particular with two special sets of centers that L€t US turn now to the generalization of the above model
fit into the above framework with some simple particularto a set of centers that constitute a continuous distribution of

modifications. We start with the correlated case of the danStatesN((E). In this case, considering the detailed balance at
gling bonds®® These bonds constitute three possible states: £2Ch energye, we have from Eq(3) that the occupation
positively charged donorlike staB* with an energyEy,, a  Probability f, is given by fi(E)=n(E)/Ni(E)=(Cpn
neutral state that also lies By, and a negatively charged T CpP)/[Cn(n+ng)+Cp(p+py)], wheren,(E) is the con-
acceptorlike statd~ that lies atEg,+ U, whereU is the ~ Centration of the elegtron occupied state€and N(E) is
correlation energy. The occupation statistics of the states {§1€ total concentration of such states,=Ncexq —(E

determined by the corresponding “sum rule” of the occupa-—E)/KT], andps=N, exd —(E—E,)/KT]. The total concentra-
tion probabilitiesF * + FO+ F~ =1, wherd®36 tion of electron occupied states in the above distribution is

given by

N—nNg— P+ Po+ 2N —=n;o=0, (4)

F+:{1+[(ep++ncn+)/(en0+ pCpO)]
X[1+ (€y0+NCpo)/(€n_+PCy) T}, n— f NL(E)f (E)dE, ®)

FO={1+ (eno+pPCpo)/(€y.+NC
{1+ (Cno PCro) (€p- n+) where the integration is over the entire band dap-E, .

+(epot+NnCpo)/ (e, + pCp_)}*l. Under equilibriumf,(E) is simply the Fermi-Dirac function
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fio(E) and the total concentration of electron occupied statesver, is the ratio of the electron to hole mobilities. In
is uc-Si:H the corresponding ratios reporté@“! range be-
tween 1 and 200. Of course the derivation of the free carrier
mobility from the various experiments in disordered semi-
conductors is not a resolved iséti@and thus we have used

. S . this ratio as a fitting parameter.
The effective contribution of this type of states to the charge As we pointed out above the well-known attempt in simu-

neutrality equatiofiEq. (4)] is thenn, —nyo. The correspond- lations such as outsis to solve the concentrations of elec-

Ing net recomblnatlon. rate .through each level IS as in thetrons,n, and holesp, under the application of illumination,
single-level case and is derived from Hg) by noting that i.e., under a given carrier generation rate. In our measure-

the concentration of holes Btis N;(E) —n,(E). For the case ments this was in the range betweeB=10" and

of the continuous distribution of states we get 102 cm 3sec !, and thus(while we have checked the ef-
fect of G on the resultswe have chosen for this paper to

”to:f N{(E)fo(E)dE. (6)

re=gc= f N{(E)[CnCp(np—nopo) [/[Cr(n+ny) present only the results f@=5x 10" cm 3sec !, noting
that, as will be mentioned in Sec. V, the qualitative behavior
+Cp(p+ps) JdE. (7)  of the simulation results was not too sensitive to the particu-

lar choice ofG in the above experimental range.

The main state distributions that we have considered in Assuming then a given DOS distribution with its corre-
the present work were those of the exponential conductionsponding parameters we solved the above kinetic steady-
band tail and the Gaussian valence-band tail. The former istate and charge neutrality equations by applying the
defined by Newton-Raphson method for finding the rootsroénd p.*3

In the numerical calculation of the integrd®—(7) we have
N(E)=Ncioexfd —(Ec—E)/Ecol, (8)  applied Simpson's method for numerical integratfdt®nce
n and p were found we expressed the results hy7).

and the latter is defined by — 1(N—N)/G and (wr)=pn(p—po)/G. The corre-

N(E)=N <t — (E—E.)2/2G2.1. sponding light intensity equnents were simply determined
(E) 010 €XHL 0)12Gyo] © for yo—1 andy,—1 as explained above.
Here N, andN,,, are the DOS values & andE,, re- Last but not least, it is important to emphasize that we
spectively, whileE., andG,, are the corresponding widths observed that our requirement for a simultaneous fit of the
of the above distributions. temperature dependenceadf four phototransport properties

Turning to the parameters used in the numerical simulawith the experimental results is stringent enough to reduce
tions we point out that in our initial choice of parameters wethe model-parameter space very significafftifhis was to
have used the following procedure. When we had an experihe degree that, of the many possible scenarios, only the
mentally determined parameter we carried out the initial@Rbove-mentioned twEgs.(8) and(9)] can be considered to
computation with this parameter. Then, after we derived thée the simplest plausible scenarios in our samples.
other parameters, from the trials to fit the results of Fig. 1,
we rechecked the effect of our initial choice on these param- V. RESULTS OF THE MODEL SIMULATIONS
eters and we reconsidered them. For parameters for which
we could only guess their valuésuch as the capture coef-
ficients of the staté3>33§ we run our simulations with vari- We start the review of our simulation study by noting that
ous plausible values. Since we have here the experimenttie present experimental results, in particular the<1/2
value of E.—Er we did not try to determin&g from the  value, cannot be a result of a recombination in a single-level
DOS modei® and assumed that there are very shallow do<center or a collection of discrete recombination levels of the
nors that in combination with the suggested DOS map yieldsame typ&*® (say, donorlike centeysThe need to assume
the experimentally observed value®f —E, . The other pa- then a system more complex than the single-level centers on
rameter associated with the energy scale of the system is tifie one hand, the expectation of a continuous distribution of
course the energy gap. Considering initialbee the Appen- states in such a disordered systemuasSi:H, on the other
dix) a disordered semiconductor with a pseudo-band-gahand, and the perfect agreement of tfh€T) behavior with
E4, of 1.8 eV, we found that the results are not sensitive tahe simple theory of Rogeleave little doubt that at least one
the value ofEy. For the values of the mobilities, we have continuous distribution of states, i.e., a band-tail state distri-
taken initially constants independent of temperat@i@  bution, must exist in our material. According to that theory,
which there is also some evidedt&’in uc-Si:H) in order  as given by Eq(1), the behavior we observe for,(T) in
to concentrate on the recombination mechanism that yieldsig. 1(b) appears to represent an exponential conduction
(in particular via the mobility-independent quantitigsand  band taif>2° with a width of E;o=0.03 eV. Since the tem-
vr) the DOS map. For the electrons, a completely indepenperature dependence ¢f is, in principle, determined by
dent study® on our samples suggested that the drift mobilitythe combination of both the energy dependence of the DOS
in our system is of the order of 1 éW sec. This gave us our in the conduction-band tail and in the valence-band tail, we
anchor for the mobility value used in the simulations. As wehave checked the above conclusion thoroughly by also as-
will see in Sec. V the important parameter involved, how-suming discrete levels, exponential band tails, Gaussian band

A. Preface
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tails, steplike band tails, and exponential “square-root-like” but not in a manner that can enhance significantly the resem-
band tails(see definitions in the AppendiXor the conduc- blance between the computed behaviors and the experimen-
tion band tail. In all these cases the results, in particular théal dependencies shown in Fig. 1. Also, reversing the nature
vo(T) andy,(T) dependencies, were very different from the of the types of states in the two band tails yielded results that
monotonic behaviors shown in Fig. 1. Consequently, and irwere even further away from the experimental behavior. Cor-
accord with the existing analytical theori@s:° we view the  respondingly, we conclude that the state distribution in the
observedy.(T) dependence as well accounted for by an ex-vicinity of the valence band is not exponential band-tail-like.
ponential conduction-band tail, and thus as a salient feature
of the DOS map of the samples under study. We further
found then that it wasnly the case of donorlike states in the
conduction-band tail that enablétbr all the state distribu- Following our attempt to map the distribution of the other
tions that we have tried for the rest of the pseudggae  (beyond the conduction-band taitates in the pseudogap,
derivation of computed results that resemble the experimenwe turned to the simplest possibility, the one that can be an
tally observedy,(T) dependence. Hence, the other salienteffective representation of a continuous distribution, i.e., that
feature that we concluded from the experimental data wasef centers with a single discrete level in the vicinity Bf .
that of donorlike states in the conduction-band tail, and thus.ooking for an initial value for the concentration of such
we show below onlyhe results for which such a character centers, we noted that in our recent widrlon the corre-
has been assumed for the conduction-band tail states. In whsppondinga-Si:H samplegsee Sec. )l we found a concen-
follows we present the results of the three model maps thatation of about 18 cm™2 discrete-level acceptor states,
enabled us to conclude the most likely DOS map scenario foN,,. For these acceptors the capture coefficient for the elec-
the single-phasgc-Si:H samples that we studied here. Also, trons C,,, was taken to be 1C° cm®sec ! and the capture
as pointed out in Sec. lll, it appears from the absence otoefficient for holesC,, was taken to be 1P cm®sec L.
thermal quenching and sensitization effects in the experiFollowing that finding and the importance of starting from
mental results that the concentration of dangling bonds ishe simplest plausible model, we turned to check whether
negligible in comparison with that of other states. Hence, wesuch a concentration of single-level acceptor states could be
assume initially that there are no dangling bonds in the sysresponsible for the behavior observed in Fig. 1. Later, as will
tem, showing later that this initial assumption is well justi- be described below, we reexamined this initial valuégf.
fied. The sensitivity of the results to the choice of a param- We have carried out then the simulations for a wide range
eter will be presented, however, by showing results for threef the energy level of the state,,. Our optimal selection
parameter values. of Ei4 was based on results such as those shown in Fig. 3 for
three plausible positions d&,, (which are presented in the
right column of the figurg It is seen from these results that
our best choice is the case shown in the second row of the
We start the presentation of the results of our simulationdigure, i.e., that o;,=0.125 eV. We found that this fit with
by showing a typical case that yields a clear disagreemerihe qualitative behavior shown in Fig. 1 becomes noticeably
with the experimental behavior shown in Fig. 1. The casevorse as we trE,;, values outside the 0.1250.030 eV in-
that we have chosen to show follows the results that weréerval(for a better quantitative fit, however, see belottav-
obtained with the most obvious complementary type of reding the latter value as an initial guess 8y, , we returned to
combination center® i.e. acceptor-like centers that belong reexamine the value that we have chosen initially Xgy .
to an exponential valence band-tail. The determination of the corresponding optimal value was
In Fig. 2 we show, as an example, the computed fouidone then with the help of results such as those shown in Fig.
phototransport properties as a function of temperature for 4. As we see, foN,,>10'"% cm™3, there is a very good fit
model that contains an exponential conduction-band tailwith the behavior shown in Fig. 1.
with a width of 0.03 eV and donorlike states, in addition to  Following the above results the question that arises is
an exponential valence-band tail of acceptor-like states. Wevhether we can still get a better quantitative agreement with
illustrate the DOS distributiorg(E), of this model for three the experimental data by considering possible temperature
valence-band-tail widths in the right column of the figure.dependencies of some of the phototransport parameters. To
These DOS maps are derived by considering all the statgBustrate the possible effects of such temperature dependen-
that participate in the recombination at ouG=5 cies of the mobilit§* and/or the capture coefficiéiton the
x 10 cm 3sec’ ! generation rate and at 15 K. The latter behavior shown in the second row of Fig. 3 we present the
conditions enable the map to include practically all the statesorresponding results in Fig. 5. For the mobilit[ésg. 5a)]
in the pseudogap. As is clearly seen for the reasonable rangee have used the valuesu.=(300M)*° and u,
of exponential valence-band-tail widtkise., in the range of =10"3(300/T)® cn?/V sec, while for the capture coeffi-
10 3to 10 ! eV), E,q, the results are in conspicuous dis- cients of the discrete-level statg&g. 5(b)] we have used the
agreement with the experimental results of Fig. 1. In particuvalues  C,,=10 8(T/300)? cm®sec ! and  Cp,
lar, we found that changes in the capture coefficiéwithin =10 8(T/300)> cm®sec ®. This is instead of the constant
the reasonable limits of 1§ to 10 > cm®sec’?) orin the  values (108 and 10 cm® sec ) that we used for the deri-
generation ratéwithin our experimental rangehave been vation of Figs. 3 and 4. These latter phenomenological rep-
found to affect some features of the results shown in Fig. 2esentations improve the temperature dependence gfthe

C. Conduction-band tail and discrete-level centers

B. Two exponential band tails
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products so that they become quantitatively very close to thperimentally derived magnitudes of ther products. Carry-
results shown in Fig. 1. It seems to us, however, that théng out intensive simulations in order to check whether we
most likely explanation for the quantitative discrepancy, incan get a quantitative fit with mobilities such as those in
the strength of the temperature dependence ofuth@rod-  a-Si:H, we changed the capture coefficients of either or both
ucts, between the experimental results and the results giverarriers. This study led us to the conclusion that such
in the second row of Fig. 3 is due to the effect of thermalchanges cannot yield the desired agreement with the experi-
fluctuations on the effective DOS for recombinatf§rSuch ~ mental results and we were forced to assume large mobility
an effect has been considered already in works omatios of ue/un=10°. The important consequence of this
a-Si:H.%547 Assuming a band tail with a width that increasesinteresting result is that in our system, under the assumed
faster at higher temperatures has already been sHowngeneration rates and temperature range, we havepthat,
to lead to a weaker temperature dependence outhprod-  >n-—ng, and that it is only the largge/ ., ratio that makes
ucts in comparison with the case for which this effect haselectrons the majority photocarriers. This rather unexpected
not been considered. In fact, support for this explanatiorresult will be discussed in more detail in Sec. VI.
follows the observation that using this assumption led to a As for the parameters for which we had initial values, i.e.,
much better agreement with experimental results in the caser—E, and G, we found that for our “best” fitted param-
of a-Si:H.4’ eters ofE,,=0.125 eV andN,,=10'® cm™ 2 the results were
Another important issue is the values of the mobilities ofmuch the same as in the range of$B-—E, <1.3 eV. For
the two carriers that we have chosen in order to fit the exhigher Ec—E, values E-—E,=1.5eV) we got, however,
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considerable deviations from the behaviors shown in Fig. E—E =1.25eV. As seen from the comparison of these re-
and in the second row of Fig. 3. For the carrier generatiorsults and the results in Fig. 1, only fdiy, values larger than
rate we found that the results are not too sensitive to the0'* cm™2 will the effect of the dangling bonds be noticeable

values ofG in the range 19<G=<10* cm 3sec .. in the experimental data. This suggests that for all practical
In order to find out how well can we establish that the purposeghere are no dangling bonds our samples.
DOS map found here is different from that afSi:H, we It is important to point out again that for all the simula-

have added dangling bonds to the model of our “best” casdions, the results of which are shown in Figs. 3—6, we found
(second row of Fig. 3E;,=E,+0.125 eV) by applying the that a change of the character of the valence-band-tail states
dangling bond model and the dangling bond parameters dfom acceptorlike to neutral-like or even to donorlike did not
Trarr® (see Sec. IV and the AppendixSome results of the change the results in any significant way. But again, chang-
corresponding study are shown in Fig. 6 for three concentraing the character of the conduction-band-tail states to
tions of dangling bondsly, (10 10, and 18°cm™%). In  neutral-like or acceptorlike yielded very significant devia-
this figure we show, in the first two columns, the computedtions from the experimental behaviors @ff)., (u7),, and
phototransport parameters as in Figs. 2—4 and in the righy,(T).

column we have added to our “best” cagihe DOS of the In order to get a better understanding of the recombina-
second row of Fig. Bthe concentration of dangling bonds. tion process, we show in Fig. 7 the temperature dependence
One notes that for the position & and the very low tem- of the total concentrations of free carriers as well as the
perature chosen, all the dangling bonds are negativelgoncentrations of carriers in the defect std&ectron-empty
charged and thubly, is represented by the discrete line at acceptorlike and electron-occupied donorlikkkat are neu-
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tral [Fig. 7(@)], as well as the recombination rates via the +T) behavior[Eq. (1)] to be determined by the width of the
defect statefFig. 7(b)]. These concentrations of holes in the conduction-band tail, in spite of the fact that the dominant
acceptor levelPy, [=N;—ny;, wherei=a in Eqg. (4)] and  recombination takes place elsewhere.

electrons in the donor level§N.; [ =n; in Eq. (5) with the To further demonstrate the effect of the temperature on
substitution ofN(E) of Eq. (8) asN,(E)], were obtained for the distribution of the recombination-available centers we
our standard generation rate®=5x10° cm 3sec ’. We  show in Fig. 8 the DOS map of the active recombination
note from the equality oN.; and P,, thatN; is simply the  centerg(that are responsible for the results shown in Figs. 3,
concentration of electrons that have been transferred to thé 6, and 7 for three temperatures. The gray area represents
conduction-band tail from the acceptor states, under the aghe collection of states that participate in the recombination
plied G. As to be expected, from the relatively small concen-for our “standard” case ofN,,=10® cm 3 and E,,— Ef
trations of free carriers, this is the result of our charge neu=0.125 eV. The results show the systematic decrease of the
trality condition. In Fig. Tb) we see that the dominant concentration of both types of such effective centers when
recombination is via the acceptorlike stat€, [=r;—0; the temperature is increased. These results stress in particular
fori=a; see Eq(2)] rather than via the conduction-band-tail the increase in the occupation of the active band-tail states
states,G¢ [=r.—9., for C,=C,; andC,=C,.; see Eq. with decreasing temperatutand/or the increase @) and

(7)]. This is aclear demonstratiof the Rose modét and  show how the energy range of these states is broadened with
its extensiof® in which the charge neutrality requirement decreasing temperature. In fact, the peak in the conduction-
and the position of the Fermi level force the abavg(T,  band-tail states is a demonstration of the Rosencept of
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which we have no prior knowledgds the width of the
Gaussian valence-band tai, o. To find this parameter we
searched the reasonable range of 18G,,=10 ° eV.

For a better quantitative agreement with the experimental
(a) wr values we have chosen hereua/ uy, ratio of 1¢* rather
than 10 or 100, which is the typicilratio chosen for
a-Si:H, or the 16 ratio, which we have chosen above for the
discrete-level case. This, as pointed out already, is not a

4 8 -
10007 ) = trivial result since its implication is that it is the mobility that
2 |10 makes the single-phagec-Si:H ann-type photoconductor.
T o | | | electrons While initially unexpected we may note that./ u, ratios as
T, TThoks B large as 200 have been repoftetbr wc-Si:H. In our case

05 (b) we may attribute the particular high ratio to the narrow

1N valance-band tail that we find here.
0 The result of our attempt to estimate then the valué gof

00 is presented in Fig. 9 where we show the temperature depen-
f2 ol dence of the phototransport properties for three Gaussian
band-tail widths. These results were derived with the same
FIG. 5. Results such as those in Figs. 3 and 4 Ey  capture coefficients that we used for the discrete acceptor
=0.125 eV andN.;,=10" cm~2 but with temperature-dependent |evel. For the conduction-band tail we have used here the
mobilities (&) or temperature-dependent capture coefficigbts same parameters that were used in the simulations that led to
Figs. 2—8. As we see, thB,,=3x10"2 eV case is the one
the demarcation level for a continuous distribution of statesthat yields the best fit. However, as in the case of Fig. 3, we
The demarcation level separates states the occupation bfive, as far as the strength of the temperature dependence of
which is controlled by recombinatiorithe deeper-lying the above properties is concerned, a poor quantitative agree-
state$ and states the occupation of which is controlled byment with the results of Fig. 1. Again, as in the discrete
“thermal excitation” or “thermal communication” with a acceptor case, we got a significant improvement in the quan-
band edgdthe shallow statgsWe demonstrate the manifes- titative agreement with the experimental results by assuming
tation of the continuous character of this concept in contrasthat the capture coefficient of the electrons in the centers of
with the abrupt change that was considered in the simpl¢he valence-band-tail state§,,,, increases with increasing
analytic theory of Rose. The position of the observed pealtemperatures asT(300)>. Indeed, the corresponding results,
can be defined then as the demarcation level in the case ofslhown in Fig. 10, exhibit théest quantitative agreement
continuous distribution of states. between the simulated results and the experimental results
that we were able to obtain in this work. On the other hand,
_ _ introducing only the temperature dependence of the mobility,
D. Gaussian valence-band tail or the temperature dependence of the hole capture coeffi-
Let us turn now to the DOS maps that are more naturallycient, C, , did not yield much of an improvement.
expected for a disordered semiconductor. We know that, de- Turning to the recombination process we show in Fig. 11,
pending on the nature of the disorder that prevails in theas in Fig. 7, that the charge neutrality is maintained by the
semiconductor, various types of band tails other than expocompensation of the two types of neutral states of the two
nential tails are plausibi®:*®*° Following our systematic band tails (electrons in the conduction-band tai,, and
study of two exponential tailssee Fig. 2, two square-root- holes in the valence-band tdfl,;) and that the recombina-
like tails, two steplike tails or combinations of an exponen-tion rate via the Gaussian valence-band ijJ,, dominates
tial with a square-root band tail or with a steplike band tailthe recombination rate via the conduction-band @ij};.
(see Ref. 46 as well as the Appendix for definitipnge  Again, we note that the results do not depend critically on
concluded thatwith any reasonable set of paramejesse  the other parameters of the system. The important point is,
cannot reproduce the behavior shown in Fig. 1. On the othefiowever, that within a reasonable volume of the parameter
hand, we were able to find a very strong resemblance bespace the experimental results can be reproduced. The corre-
tween our simulation results for two band tails and this besponding scenario as exhibited by the DOS of its occupied
havior when we assumed a model that included our abovestates is illustrated in Fig. 12. As shown in Fig. 13 we can
given standard conduction-band tail and a Gaussian valenceenclude that in the present scenario, as with the discrete-
band tail. Correspondingly we show here only the resultdevel acceptor scenari@Fig. 6), the experimental data sug-
obtained with the latter DOS map. gest that there are less thanta6m™2 dangling bonds in our
Before we describe our results, let us recall that for thesamples.
conduction-band tail we have used as a parameter the Summarizing the results presented in this section, we can
well-knowrf effective density of states &.. Similarly, we  conclude that the possibility to account for the experimental
use here the corresponding DOS valueEat(with a value  data of both theur’s and y's, quantitatively seems to be best
that is well accepted also for disordered silicon syst8ms fulfilled by applying a Gaussian valence-band tail. As will be
i.e.,N,;o=10? cm 3eV 1. The parameter we need héof  discussed below this is in excellent agreement with many of

Logy(ue),en 1V) , Log((u)yent 1)

4

8|
10007 (')
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the DOS maps that were suggested for polycrystalline silicorfunlike most methodst enforces four cross self-consistency
materials’®~>’The results of our model simulations also sug-tests. This advantage of the method was manifested in the
gest quite convincingly that the DOS of our single-phasepresent work by our ability to conclude in Sec. V that, of the

uc-SiH is very different from that o&-Si:H. variety of possible model scenarios, there are only two that
can approximate the actual DOS map in the material under
VI. DISCUSSION study. In both scenarios there is an exponential conduction-

In thi i di h in advant ‘ band tail, of donorlike states, with a width of 0.03 eV. We

trrl1 dlsf Seiﬁ 'Og we i |scusst OeS main atr\1/ an ageilo touﬁave proven that these characteristics are robust features of
method for the derivation o > Maps, e possibie WOy, aterial. While no guantitative determinations of the
scenarios that emerge from the findings described in Sec. §

and the corresponding consequences regarding the transp ﬁnd'ta" width in uc-Si:H were reported, our results are

. . . 58,59 . . _
and phototransport in our single-phase-Si:H. consistent with previous work>®>°that indicated the pres

ence of localizedand in particular donorlik¥) states adja-
cent to the conduction-band edge. Our findings demonstrate
that our above stringent requirement enables us not only to
As we have shown in previous woks® and in Sec. V, limit the number of possible scenari¢s.g., the basic fea-
our requirement of a simultaneous agreement of the temperadres of the DOS mapbut also to narrow down the param-
ture dependencies aill four computed phototransport prop- eter space of a scenario that is foufelg., the band-tail
erties with the experimental data is quite a stringent one awidths). In particular our method is proven to meet the %all

A. The advantages of the present method
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tration (n andp) and the electron occupied states in the conduction-
band tail,N;;, and the concentration of the hole occupied states irbin
the acceptors’ levelP,,, (a), as well as the corresponding recom-
bination rates G, andG,,) via these state@). This is for acceptor
centers with a concentration df,= 10 cm™3, and a single-level
energy ofE,,—E,=0.125eV.

FIG. 8. The DOS map of the states that participate in a recom-
ation process for three temperatures. This is for a system with a
conduction-band tail with a width of 0.03 eV and a total acceptor
concentration oN,,=10' cm 3, with an acceptor center level at
E;,=0.125eV.

(and to overcome the difficul®)) for an experimental there are dangling bonds in our samples, their concentration
method that can determirter distinguish the shapes of the S lower than 16 cm™°. F62|(I§W|ng these results, but con-
band tails. This is a clear advantage over the difficulty ancfidering the many works®**on heterogeneouac-Si:H,
complexity with other methods that were attempteef®t Wwe must conclude that the dangling bonds discovered in
for the same purpose. We note, however, in passing that th0se works are due to the Si:H phase embedded in the
obtain high certainty of the uniqueness of the fitted modelcorresponding samples. For example, the suggestibat at

one must examine systematically and critically the effect oftigh temperatures the recombination involves dangling
each parameter of the model on the results. In this sense ti@nds, while at low temperature it involves only band-tail
present approach yields a general recipe for the derivation dttates, was derived for a material that consists of 25 vol. % of
the DOS map but it requires the specific knowledge or a-Si:H. Since this is also the scenafion a-Si:H, it is not
least an initial guess of the parameters. unexpected that the latter phase dominates the recombination
in heterogeneoug.c-Si:H. We can thus safely assume that
the single-phase.c-Si:H has, except for the width of its
conduction-band tail, a very different DOS map tleaSi:H.

Our present work is experimental proof of how robust and The issue that arises from the fact that we have, in prin-
well founded the Rose thedis for an exponential band ciple, two plausible scenarios for the DOS map is which of
tail, in our case a conduction-band tail. On the other handthem is the more likely one. We saw that the data can be well
for the state distribution in the vicinity of the valence bandfitted in the vicinity of E, by either the single-level centers
we found two scenarios. One is that of single-level acceptorer the Gaussian band-tail centers. While the existence of the
like centers that lie 0.125 eV above the valence-band edgdormer cannot be ruled out completely, there are quite a few
and the other of a Gaussian valence-band tail that has a widdrguments that support the second scenario. First, for reason-
of 0.03 eV. Another finding in our study is that our experi- able values oN,,, the overall agreement between the model
mental results indicate the absence of dangling bonds. Isimulations and the experimental data was better with the
particular, our simulations show that, for both scenarios, ifGaussian band tail than with the single-level centers. Also,

B. The two possible scenarios
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the reasonable good agreement with the single-level-likgport mechanisms in such a band tail may be quite different
centers can be interpreted as due to the fact that this singtean in exponential band tait§*®¢This Gaussian band tail
level is simply an effective representation of the Gaussiammay be the reason for the very low mobility values that we
band tail that actually exists. Third, we know that in poly- found for the holes compared to what we found in the expo-
crytalline silicon®®=%" which is a “more ordered” system nential band tail for the electrorisee Sec. Y. It is of no
than uc-Si:H, there is a valence-band tail, rather than asurprise thathe electrons and the holes conduct via different
single-level center, that accounts for very many data. In factmechanisms in our single-phagec-Si:H (see below The

two band tails are usually concluded in those systems. Ifatter conclusion is also in accordance with the findings in
some polycrystalline silicon materials a Gaussian-likepolycrystalline silicon for which low-temperature transport
conduction-band tail has been reportédand in others a in the band tails and higher-temperature conduction in the
Gaussian-like valence-band tail has been suggés3t€dn-  bands themselves have been suggettatie see then that
cluding from the above discussion that a Gaussian-like bandur conclusion concerning the state distribution in single-
tail is the more likely scenario, we note in passing that whilephaseuc-Si-H is more reminiscent of that of polycrystalline
initially Gaussian band tails were suggested onlysilicon than that ofa-Si:H. This conclusion does not apply,
theoretically’® in recent years such band tails have beerhowever, when we consider the character of the band-tail
proven experimentally for orgarfit and inorganic states. For polycrystalline silicon it was usually conclutfed
semiconductoré® The finding of a Gaussian band tail is of that the conduction-band-tail states have an acceptorlike
quite general importance since the transport and phototransharacter while the valence-band-tail states have a donorlike
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FIG. 10. The simulated temperature dependence of the four pho-
totransport properties in an attempt to get a quantitative fit to the F|G, 11. (a) The temperature dependence of the free carriers
experimental data shown in Fig. 1. This is for the case of a Gaussiagoncentrations(n and p), the electron occupied states in the
valence-band tail, with a width of>810"2 eV and a temperature- conduction-band tailN,,, and the concentration of hole occupied
dependent capture coefficient of the electrons in this band tail.  states, in the Gaussian valence-band jl,. (b) The temperature

dependence of the recombination rates via the band-tail staigs (
character. This is not the case Si:H where the character andG,,) for a Gaussian valence band tail with a width@f,=3
of the band-tail states is not well established at this date and 10 % eV. This is under the conditions used in the derivation of
different characters of these states have been proposed ftg- 10.
different studies®¢

The above conclusions suggest that the crystalliteof the band tails on the conduction procesgic Si:H. We
encapsulating layer ip.c-Si:H is different from that of the have concluded in the above discussion that the exponential
grain boundaries in po|ycrysta||ine silicon and that of homo_band tail with donorlike states and the Gaussian valence-
geneousa-Si:H. This conclusion may be explained by the band tail with “unspecified” character states originate from
recent finding that the features of the-SH bonds and the the disordered silicon layer. Considering the fact that both
effect they impose on their neighborhood may be common t@ur structural and phototransport analyses do not reveal an
various hydrogenated silicon systéifi€®and that they may a-Si:H phase we can conclude that our samples consist of
be due to the bond bendiffghat is associated with the “sur- silicon crystallites and their boundaries, and thus we may
face character” of the defects in the encapsulating layer. Thiggnore models ofxc-Si:H/a-Si:H mixtures. In the most
is in contrast to the “bulk character” of the bonds in homo- COmmon model to explain the transport in these systéms
geneousa-Si:H. In particular, it appears that while the state the transport takes place within the crystallites and then by
distribution is determined by the structural disorder in thetunneling® or thermal emissiofi between the crystallites.
disordered layer, it is the hydrogenafidh that may turn  Our results are consistent with the alternative interpret&tion,
around the character of the states. i.e., that the phototransport is carried out throughout the con-
tinuous network of the boundaries. This is because the pho-
totransport is dominated by a disordered silicon layer and
because the hole mobility that we concluded is very small

Let us consider now the consequences of our spectrazompared to that of polycrystalline silicon and eaersi:H.
scopic findings on the understanding of the transport anth fact, the largeu./uy, ratio was already suggestédo be
phototransport mechanisms in single-phaseSi:H. The ef-  the signature of a disordered system, while a small ratio was
fect of the state distribution on these processes in disorderesliggested to be the fingerprint of intercrystallite transport.
semiconductors has been considered by quite a fewhe inherent asymmetry that we found in the band tails pro-
authorg®4866."1.73nd some of thei®*emphasized the role vides an explanation for the asymmetry in the mobility val-

C. The transport and phototransport in single-phasepc-Si:H
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tion between that of crystalline silicon and that a{Si:H.
21 T=15K These findings further suggest that the carrier generation that
I\ 4 we use in our phototransport measurements takes place in the
18-\ y layer rather than in the crystallites.
15 \ £ Motivated by the above conjecture regarding the transport
0 \ / route we have turned to its direct test by applying local scan-
12f \ / ning techniques. We have applied scanning tunneling micros-
copy (STM) and conductance atomic force microscq®@¢
Q'J / ‘ ‘ AFM) in order to find whether the main current route is via
0.0 0.6 1.2 18 the disordered layer or via the crystallites. The results that
E-Ev (eV) we obtaine® by both techniques and on both sets of
— samples do indeed confirm the possibility that we conjec-
= 2l T=100K tured from the DOS that we derived, i.e., that the transport
' takes place in the disordered silicon layer.
S 181/ A As for the heterogeneouysc- Si:H system, it is expectéd
T 151 \ y that as the crystallites become larger, there will be a transi-
% y tion from the layer transport, suggested here, to the one en-
50 12¢ / countered in polycrystalline silicon. Since these two types of
— o / transport are different from those afSi:H our results also
= \ ay 4 | resolve then the “striking similarities ofwc-Si:H and
gﬂ 0.0 06 1.2 1.8 a-Si:H" that were claimed® previously. It appears that such
~ E-Ev (eV) conclusions that were derived on heterogeneous systems
were associated mainly with the-Si:H phase that exists
T=300K there.
21t o . . .
In conclusion, in addition to the main result of this work,
18¢ i.e., the derivation of the DOS map in single-phase Si:H,
15 we were able to suggest that the transport and phototransport
\ take place in the disordered silicon layer that wraps the crys-
12p tallites. The conduction mechanism is that of transport in
ol / extended states for the electrons and that of hopping conduc-
. A tion between localized states for the holes. We also found
0.0 0.6 1.2 1.8 that our specific findings have some general consequences
E-Evied) for the basic physics of disordered semiconductors in general

and for chalcogenide glasses, organic semiconductors, poly-
FIG. 12. The DOS map of the centers that participate in thecrystalline systems, and porous silicon networks in particu-
recombination for three temperatures. This is for the case of #ar. In all these cases, band tails in general and Gaussian
Gaussian valence-band tail that yielded the behaviors presented and tails in particular seem to be present, showing that ex-
Fig. 10. tended states and hopping conduction may dominate not only
the transport but also the phototransport in them.
ues of the two charge carriers. For the electrons the corre-

sponding conduction-band tdilvhich is very reminiscent of ACKNOWLEDGMENTS
that in a-Si:H) enables extended state conductfdil with
mobility values similar to those found & Si:H.*>"*In con- This work was supported in part by the Israel Science

trast, for the holes, the low mobility can be associated withFoundation and in part by the Enrique Berman Solar Energy
the conduction between localized states in geftaaid hop-  Research Fund.
ping conduction(that is manifested by very small mobility

1,7 . .
values™™ at the transport energy levelin particular. The  AbpENDIX: THE VALUES OF THE PARAMETERS USED

latter may coincide with the “single effective_" level of the IN THE SIMULATIONS
centers that we found to represent the Gaussian valence-band
tail. The parameters used in our models, in Sec. V, unless

The fact that our phototransport data results are consistespecified otherwise, were as follows. Starting with the band
with the transport and recombination in the disorderedgap of the systenky, we realize that it has not been studied
“grain boundary” silicon layer raises the question of the lo- previously for single-phasgc-Si:H. On the other hand, val-
cation of the carrier photogeneration. It turns out that opticalies between that of-Si (i.e., 1.1 eV} and that ofa-Si:H
absorption measurements on microcrystalline silicon, withi.e., 1.8 e\ have been reportéd!®62648qor multiphase
crystallite sizes such as in our samples, suggest that aboufc-Si:H, and thus we could not pinpoint its value for our
40% of the light absorption takes place in the disorderedsingle-phase samples. Since we did not find any significant
silicon layer® In the corresponding study this layer was es-effect of the particular choice within the above range of plau-
timated to be 18 A thick, and to have an intermediate absorpsible E4 values and since our preliminary conclusion was
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that the phototransport of the electrons takes place in a digdges E; andE,) N, andN, were taken for simplicity to be
ordered hydrogenated silicon tissue, we adopted the 1.8 e¥ constant with the known value of crystalline siliéband

value ofa-Si:H for Eg andE,+ 1.3 eV forEg (see Sec. I

other silicon system& i.e., 2.5<10" cm3. In view of the

as the common parameters in our simulations. Similarly, fodiscussion in Secs. lll, IV, and V, the corresponding

the multiphaseuc-Si:H reported’°values for the effec-
tive (Hall and drify electron mobility,u., range from the
order of 0.1 to the order of 50 iV sec. However, gener-
ally, temperature-independent valleof the order of 1
cn?/V sec were concludéd®*for “intrinsic” wc-Si:H.
We have assumedinless specified otherwisa temperature-
independent constant value of 1 ¥msec for the electrons
in our system. For the value of the hole mobiliy,,, the
estimates range from about 10 timé$to 200 time&!

conduction-band tail was assumed to have an exponential
state distribution with a density of states dfly
=107 cm %eV ! (atE.) and a widthE,, of 0.03 eV. For

the valence-band tail we assuméd,=10"1cm 3ev?

and considered mainly the Gaussian distribution with the
best-fit width,G,y, of 0.03 eV. The capture coefficient for
the electrons for the corresponding donor states in the
conduction-band tailC, . [seeC,, in Eq. (7)], was taken to

be much larger than that for the holé,. (see below This

smaller than that of the electrons. However, the proximity ofassumption of evident donorlike states was borne out, as de-

the former ratio to the ratio common fa-Si:H (Refs. 36

scribed in Sec. V, from our findings. For the other states that

and 80 suggests that this value may have to do with thewere included in our simulation model the standard param-

latter phase. Our approach was to take the valyecds the
value that fits best our experimental phototransport data.

eters of the centers of the discrete acceptor level were de-
rived as follows. First, the energetic position of this level,

In our model the effective density of states at the bandE;,—E,, was chosen by the best fit as 0.125 eV. Second,
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with no availablea priori values for the capture coefficients C_, or Cnv_ 108 cm®sec’ ! for the electrons, an€,, or
in the single-phasg.c-Si:H the preliminary orders of mag- o ,=10"5 cP eV for the holes.

nitude of the capture coefficients were taken as those esti-
mated for crystalline, amorphod$, or polymorphous
silicon® Following many trials for the best fit with the ex-
perimental data we have chosen the following parameters

our standard set. The capture coefficient for the electron vt . .
in the conduction-band tail,C,,, was taken to be v W, and N,(E)=0 otherwise, whereW, is the

9 omd Secfl while the capture coefficient for the holes in “width” of this tail. When dangling bonds were added to the
this tail, C,., was taken to be 135 cnP sec . When models, we have use?ﬁgor them the parameters of the stan-
valence-band-tail states with various distributions were condard(B1) model of Tran”i.e., that the energetic position of
sidered, we found the results to be insensitive to the charadh® dangling bond i 4,—E,=0.75 eV, that the correlation
ter of the states. However, for the presentation given here, wnergyu is 0.4 eV, that the capture coefﬁments of the neutral
show only the results that were obtained when we assumedangling bond ar€,o=C,=3x10"° cnsec %, and that
acceptorlike states. The corresponding discrete or band-tdile capture COfolClentS of the charged dangllng bonds are
capture coefficients that we have assumed were, respective§,, =C,_=3X10"8 cn® sec *

The other possible types of band tails that we have tested
were “exponential square-root tailgtwhich we defined by
N,((E)=N,;0exp{—[(E—E,)/S,o]¥?), and steplike tails
which is defined byN,;(E)=N,, for the rangeE,<E
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