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Analysis of the moving photocarrier grating technique for semiconductors of high defect density
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The moving photocarrier gratind/PG) technique allows us to determine the carrier drift mobilities and the
recombination lifetime of semiconductors. This technique utilizes a spatially and temporally modulated light
intensity for the generation of photocarriers, which leads to a modulation of the carrier densities. The different
mobilities of electrons and holes introduce a phase shift between the charge distributions. The resulting internal
electric field produces a short circuit current which depends on the modulation frequency. The theoretical
calculation of that short circuit current includes the diffusion and drift currents, and the generation and
recombination processes. In the original treatment of the MPG method recombination between electrons and
holes was assumed to proceed only through band-to-band transitions. We analyze here the MPG method by
explicitly considering recombination through dangling bond states. We simulate short circuit current curves and
compare them with measurements. The inclusion of recombination through dangling bonds allows us to
explain an apparent contradiction in the evolution of the recombination lifetime as a function of light-induced

degradation.
DOI: 10.1103/PhysRevB.64.104201 PACS nuni§er73.50.Gr, 73.50.Pz, 72.20.Jv, 724
[. INTRODUCTION recombination through dangling bond states, allows us to

clarify this point.
The moving photocarrier gratingMPG) technique was

presented in 1993 by Haken, Hundhausen, and' (&L ) Il. EXPERIMENT
as a method to measure the drift mobility of electrons and _ '
holes (un,up) and the recombination lifetimerg) of semi- The a-Si:H sample was deposited by plasma-enhanced

conductors. The method has been successfully applied ghemical vapor depositioPECVD) from silane in a con-
measure the transport parameters @8i:H and related ventional capacitively coupled reactor. The deposition condi-
material™5 In the original treatment of HHL, recombina- tOns were a substrate temperature of 230°C, a chamber

tion between electrons and holes is assumed to proceed o yessure fOfl 39.59?\/|r|—r|]ba'rliha flow rlatehpfk40 scem, %nd a fre-
through band-to-band transitions. However, in amorphou uency o ) Z. The sample thickness was 085

semiconductors recombination is known to proceed mainly onductivity measurements were performed in the coplanar

through dangling bond states. Upon prolonged iIIuminationg?en;,lggorlggon’ with a gap of 1 mm between two chromium

the defect density of hydrogenated amorphous silicon in- In the moving photocarrier grating technique two coher-

creases by orders of magnitude, a phenomenon which ig s | 2ser heams are brought to interfere on the surface of the
known as the Staepler-Wronskl effédUnde.r these circum- sample. Thus, an intensity grating with spatial periad
stances, an analysis of the MPG technique including the__)\/[z sin(2)] is created, wheré is the angle between the
complete recombination processes is required. By using coRyq heams and. is the laser wavelength. Since a small fre-
ventional techniques it is difficult to study the changes inguency shiftAf is introduced between the two beams, the
drift mobility and recombination lifetime upon illumination resulting interference pattern moves with a velocity,
separately. Hence, most of the light-soaking studies have- A Af. Due to their different mobilities, the photogenerated
dealt with the decay of the photoconductivity up to now.electron and hole distributions have a phase shift. This im-
Therefore, a complete analysis of the MPG method—plies a grating-velocity-dependent short circuit current,
including recombination through dangling bond states—which makes it possible to determine independently the pho-
could provide useful additional information in order to tocarrier mobilities and the recombination lifetirtsee Refs.
clarify experiments of light-induced degradation. 2 and 4.

In this paper we perform MPG measurements as a func- The light intensity at the surface of the samfieordinate
tion of illumination time to follow the light-induced degra- x) has a spatial and temporal dependence:
dation of hydrogenated amorphous silicar$i:H). A fit of
the MPG curves according to the formula deduced by HHL [(x,t)=(1,+ |2)+2\/Ecos(kx— wgt), (1)
in Ref. 2 gives as a result an apparent increase of the recom-
bination lifetime with the illumination time, in contrast wherel; and |, are the intensities of the two beanls,
to the well-known increase of the defect density. However,=27/A, andwy,=2mv 4 /A. Our measurements were per-
a more complete analysis of the MPG method, includingformed by using the.=514 nm line from an Ar laser and
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FIG. 1. Measured short circuit current density as a function O_frelation energyE,,>0. Electrons are represented by solid circles
the grating angular frequency for different illumination times. Inset: and holes by open circles.

the inverse of the angular frequency that gives a maximum short

circuit current density, as a function of the illumination time. Ac-

cording to Ref. 2, in the lifetime reginfe»g;*] ™" is proportional to IN(X,t) 1 9j,(x,t)
the recombination lifetime. a e  ox

+G(X,1) —R(x,1), ()

6=231°, which givesA =0.95 um. The intensities weré,;

=46 mW/cnt andl,=0.38 mW/cr. The light source for JP(x,t) 1 9j,(x,1)
light soaking was the same Ar laser used for the MPG mea- Tt e ox
surements, but we used an intensity approximately 10 times

higher than the one used in the measurements. This ensures

that the light-induced degradation during the measuremerwherej,(x,t) andjy(x,t) are the electrons and holes current
time can be neglected. We performed eight degradation stegtensities, respectively, arR{(x,t) is the recombination rate.
from illumination timet;,; =0 to t;;, = 1000 min, and then a In the case of amorphous materia(x,t) and P(x,t) in-
final degradation step with an intensity f1000 mwW/crd clude the concentrations of free and trapped photocarriers. In

up to saturation. Measurements and degradation were peihe treatment of HHI R(x,t) is approximated by direct
formed at room temperature. recombination between electrons and holes. However, it is

known that for a sufficiently high defect density recombina-
tion proceeds mainly through dangling bond states. Espe-
cially for the sort of experiments that we have performed,
The effect of the light-induced degradation on the meawhere the dangling bond concentration increases as a func-
sured MPG curves can be seen in Fig. 1, where the shotton of illumination time, a more detailed treatment of re-
circuit current density s is shown as a function of the grat- combination is needed.
ing angular frequencwg, . The short circuit current density
decreases with the illumination time, and the maximum
shifts towards lower grating angular frequencies. According
to Haken, Hundhausen, and L%m the lifetime regimej . In order to simplify our treatment we will describe the
has a maximum for a grating angular frequency given bycorresponding equations for a single-dangling-bond level lo-
wg "~ (7r) "*. The inset in Fig. 1 showsa(;™) ™' as a cated at energfpg with a densityNpg per unit volume and
function of the illumination time. Since our measurementsrepresented by an amphotericlike stéterrelation energy
were performed in the lifetime regime, the increase ofEy>0). Assuming that this defect can communicate with
(wg}a ~1 shown in the inset of Fig. 1 would imply an in- both the conduction band and the valence band, eight pos-
crease ofrg, which is unexpected under light-induced deg- sible thermal processes will compete to set the occupation
radation. However, a more detailed analysis of the MPdactor of this state in the absence of light. In Fig. 2 we sketch
method allows to clarify this apparent contradiction. the eight possible thermal transitions. We make the usual
In the MPG technique the generation rate is given by assumption that dangling bonds can only capture mobile free
carriers. Neither band-to-band transitions nor transitions be-
G(x,t)=Gg+g cog kx—wgt], (2)  tween two dangling bonds are considered here because of
their smaller probability. The number of thermal transitions
whereG; is related to (1 +1,) in Eq. (1) andgto 2\/1,1,. In  per unit volume and unit time is naméd#, and can be ex-
the one-dimensional approximation the electron and holg@ressed as a function of the emission and capture parameters
densitiedN(x,t) andP(x,t) can be obtained from solution of extending the Shockley-Read-Hall expressions to amphoteri-
the continuity equations clike states:

+G(x,t) —R(x,1), (4)

IIl. RESULTS AND DISCUSSION

A. Model to consider recombination
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U;=nNic’, U,=nN%c®, U,=N%e?, FINIS
1 D%n 2 D%n 3 D%n tD:U2+U8_U4_U6,

Us=Npe, . Us=pNicp, Ug=pNpc,
ONS
U;=Njes, Ug=Npes. (5) St Y1t UatUetU7=Us=Us=Us=Us.
In these equations andp are the densities of free electrons In the case of uniform illuminatiofii.e., G(x,t) = G,], a

and_holes, respectivelyp , NG, andN,;_are the densities Of_ steady state is reached if the rates in E&$. (4), and(11)
positively charged, neutral, and negatively charged dangling . equal to zero. The solution of the resulting system of

bpnd C(_enters, resiplectlvelg,;f andc? are t+he captlére coeffi- algebraic equations gives the steady-state valuel,dP,
cients (in Cmgosec ) for electrons byD™ and D" states, N NO  andNg , which will be distinguished by the sub-
respectivelyc, andc, are the_captgre coefficients for holes geript hom Thus, Ny, is the steady-state concentration of
by D® andD ™ states, respectivelyg, ande, are the emis-  free plus trapped electrons under homogeneous illumination.
sion coefficients for electrons fro°® and D~ states, re-  On the other hand, when the generation rate has a spatial and
spectively; ande; ande) are the emission coefficients for temporal dependence as in E8), the solution of the system
holes fromD* andD° states, respectively. The capture co- of differential equations3), (4), and(11) allows us to obtain
efficients,c, , ¢y, ¢, andc, are given by the well-known  N(x,t), P(x,t), Np(x,t), N3(x,t), andNp (x,t). We solve
relations ¢y =vo, , Co=vwmon, Co=vwpoy, and ¢,  the system of differential equations as in Ref. 2, assuming
=Uh0p » whereo,, 2, a'g, ando, are the corresponding that the relevant physical parameters vary sinusoidally as
capture cross sections ang, is the free carrier thermal ve- G(x,t) does and allowing for proper phase shifts. The pres-
locity. Under thermodynamic equilibrium conditions the ence of a distribution of charge within the material leads to
principle of detailed balance must be satisfied; thus, an internal electric field(x,t), given by solution of Pois-
=U,, U,=U,, Us=Ug, andU,=Uj. Taking into account son’s equation

Eq. (5) this leads to the following equalities:

OO _ € it + NG (X, — N, D) — N (x,8
eg:(n)O(NS)OC;(Ng)Or X _8_80{ (X, ) D(X! ) (X: ) D(X, )}
(12)
- 0 O —
€, =(Mo(Np)oCn/(Np)o, If this electric field is in phase witiN(x,t) and P(x,t), a
0 0 short circuit current arises, given by the spatial average of
€p,=(P)o(Np)oCp (Np)o, the drift current over one period:

e =(P)o(ND)oCp/ (N3)o, (6)

where the subscript “0” stands for thermodynamic equilib-
rium. Under nonequilibrium we make the usual assumptiorBy using an approximate expression for the recombination,
that the emission and capture rates remain unaltered witthe authors in Ref. 2 could find an analytical solution of Eq.
respect to equilibrium conditions. The recombination rate ig13). However, when the expression given in E). [or Eq.
given by (10)] is used for the recombination, the equations are no
longer analytically solvable and only a numerical solution is

R(X,1)=[U1(x,t) =Us(X,) ]+ [Ua(x,t) =U4(x,1)] (7)  possible. This means that the experimental curves cannot be
fitted but only simulated with reasonable values for the pa-
rameters.

1
jsc:Xj [eunN(X,t) +eu,P(X,)JE(X,t)dx. (13

or, equivalently,

R(x,t) =[Us(x,t) =U7(x,t) ] +[Ug(x,t) = Ug(X,1) . ,
(8) B. Choice of the parameters

Replacing in Eq(7) the U; values from Eq(5) we get The mobility gap was taken &5,=1.8 eV. The densities
of states at the band edges were assumed to be equal,

RO, =[nNSc —N%e]+[nNSc®—Nger] (9 N(EQ)=N(Ey)=5x10** cm *ev *. The dangling bond
level was placed at an energy in the middle of the mobility
or, from Eq.(8), gap,Epg=0.9 eV, and the correlation energy was assumed
to be E;=0.2 eV. The free carrier thermal velocity was
R(x,t)=[pN2cy—NJjes 1+[pNyc, —NRed]. (100  taken asvy,=107 cm/s both for electrons and holes. The
electron and hole capture cross sections of the neutral dan-
The rate equations for the dangling bond concentrationgling bonds were taken to be equabgzggzg_o
are X 10 1® cn?. Due to the Coulombic attraction, the capture
cross sections of the charged defects were taken as 10 times
larger, o, = 0, =3.0X10™** cn. These values are within
the usual experimental rangéThe drift mobilities for elec-

N
T:U3+U5_U1_U7, (11)
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FIG. 3. Simulated short circuit current density as a function of  FiG. 4. Recombination lifetime obtained from a fit of the simu-
the grating angular frequency for different illumination times. Inset: |ated curves of Fig. 3 with the HHL formular(y,, crossed
the simulated electron lifetime, obtained Ag,= Ny om/Go. squares and from the simulations a®yom/Go (7sim, Solid

squares
trons and holes were taken from Ref. 2uy
_ 11 _ 11
=0.077 cnt V~"s " andup=0.005 cmV-is™t and are agreement is acceptable. As a result of the simulations the
compqtlg)le with independent measurements of the samge,qy-state electron concentration under homogeneous illu-
material’ The carrier mobilities in extended states Were mination N, is also obtained. The simulated recombina-
. . . oy 1 Om! -

tgken as 10 times larger than the corresponding drift mobili;o, lifetime, calculated as.;=Npom/Go, is Shown in the
ties. These values are quite low _clorﬂ)ared to theo MOShset of Fig. 3 as a function of, . Figure 4 shows the
accepted _lV?JerS uR=10 cnfV-is and  up  dependence of the recombination lifetime on the defect den-
=1 cn?V™!s™* (Ref. 10, but provide the best agreement gjry A fit of the simulated MPG curves of Fig. 3 with the
to the initial state curvéthe one for illumination timety;  formula deduced in Ref. 2 gives the recombination lifetime
photothegmal _dseflectlon spectrosco®DS), obtainingNpg  jncreases witiNpg, just like 7 obtained from the measured
=5x10'® cm 3. The defect density is the single parameterq  rves aiwg}ax]fl (shown in the inset of Fig.)LHowever,

that evolves as a function of; . To estimate this evolution e recombination lifetime obtained from the simulations as
we have taken into account the decay of the photoconductlvi.sim: Nyom/Go decreases withpg, as expected due to the
ity increase in the density of recombination centers. Note that
N 0.0/¢ for lower defect densitiest{;—0), 7y, and i, tend to
pn(tin) =aGornn(tin), agree, meaning that the HHL formula is applicable for
whereq is the electron charge,?) is the free electron mo- a-Si:H of low defect density. The HHL treatment has the
bility, and 73(t;,) is the time-dependent free electron life- advantage of being analytical, meaning that a close expres-

time, given by sion for js. as a function ofwg, is obtained. A fit of the
measured ¢ curves with the HHL expression allows us to
723t =10 o NS (ti) + v NS ()11 Npg(ti)].  obtain initial estimates for the drift mobilities and the recom-

. 0 . bination lifetime, which can be further refined by using the
We have considered thaty and the capture cross sections .,mpjete treatment that we have developed here. Thus, the
do not C@?nge withty, , thus obtainingNpg(tin) oM \pG method can be confidently used to determine the drift
[opn(tin) ]~ mobilities and recombination lifetime of semiconductors.

C. Simulations

. . . IV. CONCLUSION
In Fig. 3 we present the simulated short circuit current

densities as a function of the grating angular frequency for In this work we have addressed some inconsistencies aris-
the same illumination times of Fig. 1. All the parametersing from the application of the MPG method to samples with
remain fixed except for the defect density, which was estia high defect density. The approximate treatment of Haken,
mated as mentioned before. As can be seen, the simulatioktundhausen, and Léyeads to an apparent increase of the
reproduce the general trend of the measured curves in Fig. tecombination lifetime upon light-induced degradation,
The short circuit current density tends to decrease and thehich is contradictory to the expected increase of the defect
maximum shifts towards lower grating angular frequenciesdensity. This approximate treatment has been refined by ex-
There is a difference in the actual position of the maximumplicitly including recombination through dangling bond
and the effect of degradation is larger in the simulations thastates. The extended treatment presented here allows us to
in the measurements, but taking into account that the parameproduce the evolution of the measured curves by changing
eters are not further adjusted for each illumination time thethe defect density only. Moreover, the lifetime obtained from
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