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Spin-dependent recombination of photoinduced carriers in phthalocyanine/g, heterojunctions
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Spin-dependent recombination of photoinduced carriers,iphthalocyanine (KP¢)/Cgy heterojunctions is
studied by electrically detected electron-spin resondB&ESR spectroscopy. The EDESR spectrum of the
H,Pc/G, consists of two componenfsandB, theg values of which are 2.00280.0002 and 2.00160.0002,
respectively. The two components are attributed to exchange-coupled localized electron-hole pairs trapped at
different types of recombination centers. Componhas spin-flip satellites due to an interaction between the
electron(or holg spin, and its surrounding nuclear spins of protons which belong to {Re Hings. From the
satellite intensity, the distance between the electosrhole and the protons is estimated to be 4:3825 A,
indicating that the localized pairs for the componanbcate close to the #Pc rings. The spin dynamics of the
localized pairs for the componem is studied by a microwave recovery experiment, in which the time
dependence of the EDESR signal intensity is measured after turning the resonant microwave on and off. A
theoretical model of the spin-dependent recombination of the exchange-coupled electron-hole pair is proposed
with which the experimental results of the microwave recovery are explained. By a theoretical analysis, it is
found thatR=1x 10° s™* andD +W,=6.2 (= 0.8)x 10" s~ for component at room temperature, whefe
is the recombination rate of the localized pair in 8ye=0 triplet sublevel, and andWj, are the dissociation
and the spin-lattice relaxation rates, respectively, of the pairs in the triplet sublevels. The photdgutient
is caused by the dissociation of the localized pairs for compoAestabout 5% of the total photocurrent.
[S0163-182609)02403-0

I. INTRODUCTION action between the electron and the hole, because, if the ex-
change interaction is stronger than the difference of the reso-
Electrically detected electron-spin resonan&OESR), nance frequencies of the electron and the hole, the ESR
which is also called electrically detected magnetic resonanceransition occurs between the triplet sublevels and does not
is a technique to observe electron-spin resondB&R sig-  affect the number of the singlet pairs. If the assumption of
nal by detecting a change of the photocurrent or conductivityRef. 2 is correct, the electron and hole take part in the ESR
of the samplé: The change of the photocurrent or conduc-transition independently, so that a separate observation of the
tivity is caused by a change of the recombination probabilityfEDESR signals of the electron and the hole should be pos-
of the carriers. The recombination probability is spin depensible in principle. In most of the EDESR spectra reported so
dent, so that it is affected by the occurrence of the ESRar, however, only a single line is observed, and the signals
transition, which alters the spin states. The sensitivity ofof the electron and the hole are not isolated. This suggests
EDESR is 16— 10 times higher than conventional ESR,  that there exists a significant exchange interaction which
so that EDESR is a powerful experimental technique to studynakes the signals of the electron and the hole meet in one
the recombination mechanism in small-volume systems lik&EDESR linel® Assuming that the difference between the
thin films or heterojunctions. values of the electron and hole is in the order of 0.001, an
In some EDESR experiments, a change of the photocurexchange interaction of 18 K is strong enough to make a
rent or conductivity by a factor of 10" * (Refs. 8 and Yor  single EDESR line. Since the electron and hole in a localized
even ~10! (Ref. 7) is observed as a result of the ESR pair should be in close proximity so as to take part in the
transition, which is due to an increase of the recombinatiomecombination, such an exchange interaction can certainly
probability of photoinduced or electrically injected carriers. exist. Thus, the model of Ref. 2 should be generalized to the
The changes of 10" as well as 10! are quite large, and case when exchange interaction exists. Dyakomd\al.
cannot be explained if the spin states of the carriers obey theuggestefithat a selective intersystem crossing between the
simple Boltzmann statistics.Kaplan, Solomon, and Mott triplet and singlet states may explain the EDESR effect under
showed that such a large change of the photocurrent or conthe exchange interaction, but no quantitative analysis has
ductivity can be explained by a localized electron-hole paibeen presented. Furthermore, when EDESR is measured
model, in which an electron and a hole make a localized paifrom the change of the photocurrent, there should be carriers
for a certain period. Since the pairs in the singlet spin conthat do not experience localized pairs. The problem of how
figuration can disappear by recombination, the fraction of thenany percent of the photocurrent is related to the localized
triplet pairs becomes larger than that expected by the Boltzpairs has never been considered. Thus, the basic mechanism
mann distribution. By applying the resonant microwave, athat gives rise to the EDESR signal has not been completely
net transition occurs from the triplet state to the singlet saunderstood.
that the recombination is enhanced. In this paper, a comprehensive EDESR study is done for
Kaplan, Solomon, and Mott assunfetb exchange inter- H,Pc/Gs, heterojunction. The photovoltaic characteristics of
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FIG. 1. Scheme of a jPc/Gy, heterojunction.

the HPc/Gy, heterojunction have been reported recently: 331 332 333 334
The HPc/Gy is a typical donor-acceptor-typephotocell, Hy (mT)

with a conversion efficiency of 0.02%. The photovoltaic ef-
fect occurs by a photo-excitation of,Pic and/or G in the
interface region, followed by a charge separation in whic

the electron and the hole diffuse to g, (acceptorand the a simulated one assuming Lorentzian line shapes for the central and

HoPc (donoy layers, resP?C“V?'y- A preliminary EDESR the satellite lines. The broken line foris a simulated one with a
study was also done previouslin which a decrease of the Lorentzian line shape.

photocurrent by a factor of 10 * was observed by applying
a resonant microwave. In the present study, a more complete

EDESR measurement is done with an improved sensitivitybal;rgg E %E'Sz)Ra:&ia_z:rneé?gg tGVI\-IS)Ssdet? o%netZ?smL?sigmlzta
It will be shown that the EDESR spectrum is made by an ' b 9

: o 600-Hz field modulation of 0.05 mT. The voltage across the
overlap of two components, one of which has spin-flip sat-

; : : : 10-kQ) load in Fig. 1 was fed to a lock-in amplifier which
ellites by an interaction between an electr@n hole spin . . ,
and the nearby nuclear spins of protons. The observation ayas synchronous to the 600-Hz field modulation. The bias

the spin-flip satellites is quite exceptional, and an analysis oailtfge.twgﬁézo_runlisfnoérggvf: _r;otet;l.r ? E%Jigtft?]%?'
the satellite intensity will give us some information on the vity B2 Cylindri Vity were U

location of the detected carrier spins. A measurement of mi‘:Jlnd K-band measurements, respectively, which had grids for

crowave recovery of the EDESR intensity allows us a directth.‘:h'IIusrr(')'g"’\‘/t\'lo;(1 olf thefsamE)rI]e. Th% |IIum|nr?t|on W?ZS. dcine
observation of the spin dynamics of the localized pairs. with a A e lamp from the §; side, as shown in Fig. 1.

theoretical model of the spin-dependent recombination i he light in the IR region ok >900 nm was cut off using a

proposed for the case of finite exchange interaction betweegnlalSS filter (Toshiba IRA-253 The maximum microwave

the electron and the hole, which explains the experiment ower incident to the cavity was 25 mW for both teand

results of the microwave recovery. A clear insight on the -k?:andtrr;r]easurements. t of the phot
mechanism of the spin-dependent recombination in the or the microwave recovery measurement of the pnoto-
H,Pc/Gy, heterojunction will be obtained current, a 25-mW microwave in th&-band region was

2 0 .

turned on and off using p-i-n diode whose switching time
was 0.1us. The voltage across the 10tKoad of the sample
Il. EXPERIMENT was fed to a differential preamplifier, the output of which
. was monitored on a digital oscilloscope. The obtained tran-
HoPc was pu.rchased'fronj Nacalai Tesque Inoc. and WaSient signal was accumulated on a personal computer. Typi-
used after subliming twice in vacuum.ﬁ@(99.95@ was cally 10 000-times accumulation was needed in order to ob-
pur_c_has_ed from MER Corp., and was used without furthe‘iain a sufficient signal-to-noise ratio. For the baseline
purification. correction, the recovery curve with the magnetic field out of

The qrrangemgnt qf the thin f|Ims in the hetero;unctlonthe resonance was subtracted from that at the center of the
system is shown in Fig. 1. A gold film of 25-nm thickness resonance

was evaporated on a glass substrate Bf18x0.15 mn?
under a pressure belowx110™ 4 Pa, followed by the bPc
and the G films each of 120-nm thickness. On top of the . RESULTS
Ceo film, another gold electrode was evaporated of about
25-nm thickness. The rates of the deposition were 0.02, 0.3, A. EDESR

and 0.15 nm/sec for the Au,Rc, and G films, respec- Figure 2 shows th&-band(9.3 GH2 EDESR spectra of
tively, monitored by a quartz oscillator(ULVAC the HPc/Gyo heterojunction at room temperature, with mi-
CRTM5000Q. The active area for the photovoltaic effect is crowave powers of 25 and 0.38 mW. The spectrum with 25
about 2 mri. In the present study, the glass substrate wasnW has a 30% broader peak-to-peak linewidth than that
mainly used instead of the quartz substrate, the latter havingith 0.38 mW, which is due to the microwave-power satu-
been used in the previous stutlilo difference is seen in the ration. Two satellites are seen in the 25-mW spectrum. A
EDESR spectrum as well as the photovoltaic characteristickeast-squares fitting was done for the 25-mW spectrum, as-
between the two cases of the glass and the quartz substratesming that the central line and the two satellites have
In the measurements, the sample was kept in vacuum in leorentzian line shapes, the result of which is shown in Fig.
quartz tube. 2. The spacing between the satellite and the central line is

FIG. 2. X-band(9.3 GH2 EDESR spectra of a jfc/G, hetero-
H’unction at room temperature. The microwave power incident to the
cavity is 25 mW fora and 0.38 mW foib. The broken line fom is
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FIG. 3. K-band(23 GH2 EDESR spectra of a JRc/Gy, hetero- FIG. 4. Integrated EDESR intensities of the centr@)(and

junction at room temperature. The microwave power incident to thesatellite ©) lines vs microwave powePy,, for the X-band spec-
cavity is 25 mW fora and 0.78 mW fotb. The broken line fom is trum of a HPc/G, heterojunction at room temperature. For the

a simulated one assuming Lorentzian line shapes for the central ariraight lines, see the text.
the satellite lines. The broken line fbris a simulated one with a

Lorentzian line shape. higher microwave power is due to the power saturation of

0.50 mT, and the relative integrated intensity of the satellitethe central_llne. Th? power saturation of the satelhte_s oceurs
t much higher microwave power because the microwave

to the central line is 0.023. The origin of the satellites be-3t MU g
comes clear when the magnetic-field dependence of the Spaggnsmon rate for the satellites is muqh slower than t'hat for
ing and the intensity of the satellites is investigated: Figure 3€ zcentzral line. The above-mentioned expression of
shows thek-band(23 GH2 EDESR spectra with microwave 3Nug/5Hgr® is for the limit of low microwave power, where
powers of 25 and 0.78 mW. The satellites are seen in th80 power saturation occurs for the central line, as well as the
25-mW spectrum in Fig. 3. A simulation shows that thesatellites. In this limit, the signal intensity has a linear de-
spacing between the satellite and the central line is 1.25 mTyendence on the microwave powsee Eqgs(2) and (3)].
and the intensity ratio of the satellite to the central line isFigure 4 shows the integrated signal intensities of the central
0.0040. The ratio of the spacings in te andX-band spec- and the satellite lines in th¥-band EDESR spectrum as a
trais 1.25 mT/0.50 m¥2.50 which is very close to the ratio function of the microwave poweP,,,. The satellite inten-
of the magnetic field intensityd, for the two spectra, i.e., sity has a linear dependence 8y, in the whole range of
826.4 mT/332.4 m¥2.49, indicating that the spacing is pro- the present measurement. On the other hand, the signal in-
portional toH,. Such a field dependence is not seen in theensity of the central line has a linear dependence only below
usual hyperfine splitting. Furthermore, the ratio of the satel5 mW. Thus the experimental value foN;&ﬁ/SHSr6 is ob-
lite intensity between th&- and X-band spectra is 0.0040/ tained from the ratio of the tangents of the two linear lines in
0.023=0.17 which is close tHy(K band/Ho(X band] 2  Fig. 4, which is 0.015. Sincg, andH,, are known, the value
=0.16, suggesting that the satellite intensity is proportionabf r/N*6 can be estimated, which is 2.6 A. For the estimation
to ng. The observed magnetic-field dependence of thefr, we need to know the numbbiof the protons surround-
spacing and the intensity of the satellites is characteristic ofing an electron(or holg, which will be discussed in Sec.
the spin-flip satellite$?'3 The spin-flip satellites are caused V B.
by a forbidden transition in which an electréor hole spin The satellite intensity becomes weaker as the temperature
and its neighboring nuclear spin flip at the same time by thes lowered, and the satellites are not detected below 190 K
electron spin resonance. It is known that the spacing betweeior the X band and 250 K for th&k band when the bias
a spin-flip satellite and the central line is given by voltage is not applied. By applying a positive or negative
unHo/ e, whereu,, and u are the magnetic moments of bias voltage, the satellites become detectable even at low
the nucleus and the electrdor hole), respectively, and that temperature. These indicate that the mean distance between
the relative intensity of the satellite to the central line isthe electron(or hole and the protons becomes larger by
given by ANu2/5H2r®, whereN is the number of the nuclei lowering the temperature, and becomes shorter by applying
surrounding the electrofor hole andr is the distance be- the bias voltage.
tween the electrorfor hole and the nuclei. The nuclei re- Comparing the calculated and the observikeband
sponsible for the satellites in the present system are protorlsDESR spectra with the microwave power of 25 mW in Fig.
since the observed spacing of 0.50 mT in ¥and spec- 3, a small disagreement is seen between the twdlat
trum is identical with the expected value of 0.505 mT for ~827 mT. Such a disagreement is not seen for the 0.78 mW
protons within experimental error. Thus it is concluded thatspectrum in Fig. 3. The origin of the disagreement becomes
the observed satellites in the present system is the spin-fliglear by observing the spectrum at lower temperature, which
satellites caused by the interaction of the electfmnholey  is shown in Fig. 5. It is seen in Fig. 5 that a new peak grows
spin with their surrounding nuclear spins of protons. up at the higher-field shoulder of tlye=2.0018 signal as the
The relative intensity of the satellites to the central linetemperature is lowered. The observed spectra are explained
becomes very weak at low microwave power, as is seen ias an overlap of two Lorentzian lines locatedgat 2.0018
Figs. 2 and 3. The larger relative intensity of the satellites at-0.0002 (componentA) and 2.0016:0.0002 (component
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FIG. 5. Temperature dependence of tidand EDESR spec- 50'3 ]
trum of a HPc/Gy heterojunction. The microwave power is 25 80.2 - i
mW. The broken lines are simulated ones by an overlap of two E
Lorentzian lines which are shown by the dotted lines. 0.1 .
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creases as the temperature is lowered. Puy (mW)
Figure 6 shows the microwave power dependence of the
K-band EDESR spectrum at 204 K. A bias voltage \bf
tz -;gi'ssevr:ftﬁ)s ?ﬁ;le:je;u?;dg; t&gb;?gugﬁgglcgeniﬁég?zt EDESR spectrum of a §c/Gyy heterojunction at 204 K@: For the
. g - Y L componentA at g=2.0018. O: For the component8 at g
Lorentzian lines are also shown in Fig. 6. The relative inten-_5 1514 Bias voltagd/= — 0.5 V. The solid and the broken lines
slty of the compone_nB compared to _that of componeAt are the theoretical ones in the case of an inhomogeneous broaden-
increases as the microwave power increases. The peak—tm—g the details of which are described in the text.

peak signal intensity/,, and the linewidthAH ,, of the two
components andB are plotted in Fig. 7 as functions of the nction of w’ with w, being the center of the distribution.
microwave powetPy,,. These power saturation results are os will be shown in Sec. IV, and has also been shown by

not explained by a saturation theory for a homogeneously,er groupé® f(w— ') is generally given by the formula
broadened line, but can be explained by assuming an inho-

FIG. 7. The microwave poweP,,,, dependence of the peak-to-
peak signal intensityV,, and linewidth AH,, of the K-band

mogeneous broadenind. W o
In the case of inhomogeneous broaderfinf, an ob- flo—w')=C AN , )
served EDESR line is assumed to be a result of an overlap of 1+ BWp(o—o')

spin packets, i.e., homogeneous lines, the resonant frequen\c%erew
of which has a distribution as a result of, for example, an
unresolved hyperfine structure, a distribution in thealue,

etc. In this case, the observed EDESR line shape is written

m{@— ") is the microwave transition probability
between the spin levels, ard and B are constants. It is
aasssumed thaw,,(o— ') has a Lorentzian distribution
with a half-width of 1T, i.e.,

V(w)ZJ:of(w—w’)g(cu’—wo)dw’, (D) T, 1

BWnw(o— o ):aPmW?lﬂw——w’)ZT%' ()

where f(w— ") is the line shape of the spin packet the . _ ) )
center of which ise’, and g(»'—w,) is the distribution ~WherePr,, is the microwave power in mW, and is a con-
stant which is proportional t@ and also mechanical con-

stants of the microwave cavily.The distribution function
g(w’ — wg) is assumed to be Lorentzian with a half width of
1/T% since the observed EDESR line shape is nearly Lorent-
zian:

*
1
2
o' —wy)=— . 4
a( 0) T 1+ (0 —wg)2 TE 4

The present experiment observes the first derivative line
shapeV’(w) by employing a field modulation, which is,
L | | J
827 828 829 830 from Eqgs.(1)—(4),
Hyp (mT)

V'(w)=—-2CT}
FIG. 6. K-band EDESR spectra of a,Plc/Gg heterojunction at
204 K with microwave powers of 25 mW farand 0.38 mW fom. fw Q2aT,Pu(X— &) 1
The bias voltagd/=—0.5 V. The broken lines are simulated ones 2 272 2
o - —o +aTyPpw) + m(X— 1+
by an overlap of two Lorentzian lines which are shown by the [a(m+ aToPmw) + m(x= )7 ¢
dotted lines. (5)

dé,
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where
§=T3(0' —w), (6)
x=T3 (0= o), (7)
and
q=T3/T,. )
The peak-to-peak signal intensitj,, and linewidthAH, ' 3.”'51 ' 332 3:|&3
are calculated numerically by using E&) when the values Hy (mT)

of the parameterd,, T3, «, C, and P, are given. The
experimental power saturation behavior in Fig. 7 is well ex-
plained by this formalism with the following parameter val-
ues: For the lower-field componem, T,=2.3(*+0.3)
X108 s, T5=2.3(x0.1)x1078 s, a,=1.1(+0.3)x 10’
s (mW) "' andC,=4.9(+0.3). For the higher-field com- the photocurrent was measured after turning the microwave
ponentB, T,=2.1(+0.3)x107°% s, T;=2.1(*0.1)X10"® 4t the center of the resonance on and off. Figure 9 shows the
s, ag=1.8(x0.5)x10° s{(mW) ", andC=3.2(x0.2).  recovery curves at room temperature. Since the EDESR sig-
Comparing the parameter values f#rand B, difference is  nal intensity of componenB is negligibly weak at room
seen in theaw and C values with @p/ag=6.1+2.3 and temperature, the recovery curves in Fig. 9 are attributed
Ca/Cg=1.5=0.1. This gives evidence that the two compo- solely to componenf. As seen in Fig. 9, the photocurrent
nentsA and B come from different types of electron-hole decreases by a factor of 20 “ by turning on the micro-
pairs, as will be discussed in Sec. VA. wave. The recovery curve after turning on or off the micro-

Now the temperature dependence of the EDESR spectrumave is not explained by a monoexponential function, but is
in Fig. 5 is considered. The relative intensity of comporignt explained by an overlap of two or more exponential func-
compared to that of componeAt increases as the tempera- tions with different recovery rates. Figure 9 shows a result of
ture is lowered. This is attributed mainly to a strong temperaa fitting assuming a Gaussian distribution for the rate
ture dependence af, which is, as shown in Eq$45)—(47),
a function of the generatiork], the dissociation @), the ?
recombination R), and the spin-lattice relaxation\() 0 e h(W)dw
rates of the localized electron-hole pairs and the response [(t)=1(0)—={l()—1(0)} = .
rate (W) of the detection circuit, withD, W, and W, J h(W)dW
dependent on temperature. Furthermore, while comporents 0
andB are attributed to different types of localized pairs, the
relative number of the localized paifsand B may also be
temperature dependent. Thus there are too many parameters
that determine the temperature dependence in Fig. 5, so that 1
no quantitative analysis is possible. J27D

In the present EDESR spectrum, spin-flip satellites are
observed at room temperature. The satellites belong to thie Eq. (9), I (t) is the photocurrent at timg the microwave
lower-field componen# since, as seen in Figs. 2 and 3, the being turned on or off at=0. For simplicity, it was assumed
two satellites locate at an even distance from the field corre-

FIG. 8. X-band EDESR spectrum of a,Pic/Gs, heterojunction
at 169 K. Bias voltagd/=—1.0 V. The broken line is a simulated
one by an overlap of two Lorentzian lines which are shown by the
dotted lines.

(€)

where

h(W)=

(10

(W—W,)?
exg——m—m—m—| .
2D?

sponding tog=2.0018 which is the center of componekt ' ' ' ' ' '
This is confirmed by observing thé-band spectrum at 169 . OF ]
K with a bias voltage o= —1.0 V which is shown in Fig. ‘fo oyl |
8. In Fig. 8, the overlap of the two componertsandB are N

clearly seen, and at the same time, one of the satellites is =4l |
seen at 331.07 mT, but the other satellite is hidden in the tail =

of the componenB. The observed satellite at 331.07 mT -6 4
should belong to the component whose center locates at ! I ! ! ! I
331.07 mF+0.505 mT=331.575 mT, i.e., componem, 0 01 02 03 04 05
where 0.505 mT is the spacing between the central and sat- micr(f)wave tlme‘ (ms)

ellite lines for the proton-spin-flip in th&-band spectrum. ON OFF

Thus, the spin-flip satellites belong to the lower-field com-

ponentA. FIG. 9. X-band microwave recovery curves of the photocurrent

of a H,Pc/Gyy heterojunction at room temperature. The magnetic
field Hy is at the center of the resonance. The broken line is a
calculated one with a Gaussian distribution of the recovery rate, the

Microwave recovery experiment was done for themean recovery raté/, being 1.16<10° st and 6.1% 10" s™* after
H,Pc/Go heterojunction, in which the time dependence ofturning the microwave on and off, respectively.

B. Microwave recovery
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' ' bance by componems, andW, at T<200 K does not reflect
A the spin dynamics of the electron-hole pairs.

IV. THEORETICAL MODEL

St A b In the present experiment, a decrease of the photocurrent

by a factor of 6.X 10 % was observed at room temperature
i I‘ 4 . by turning on the microwave at the center of the resonance.
0150 200 250 300 The decrease_ of t_he photocgrrent is explained by an increase
T (K) of the recombination probability between the photogenerated

electrons and holes. The simplest model to explain the in-

FIG. 10. Temperature dependence of a mean recoveryWate crease of the recombination probability was proposed by

of the photocurrent of a jPc/Gy, heterojunction after turning the Lepine_l In this model, it is assumed that the populations of
microwave on &) and off (A). the spin states of the electron and the hole obey the Boltz-
mann statistics and, if an electron and a hole make a pair in

in the fitting thatD =W, so that the fitting parameters were the singlet spin_configuration, tha_t recombinat_ion can take
W,, 1(0), andl(=). Since the experimental recovery curve Place. By applying a resonant microwave which causes a
can also be fitted by other distribution function@n), it is ~ Saturation of the spin-state populations, the Boltzmann dis-
not possible to determine uniquely the function 'form oftr|but|on is disturbed, so as to increase the probability of the

: " . singlet pair generation. As a result, the recombination prob-
h(W). Here the value oW, obtained by the fitting with Eq. ability is increased. In this model, however, the decrease of

(10) is used in order to represent the recovery rate of theEhe photocurrent due to the spin resonance is at most by a

experimental data. _ _ factor of 10°° at room temperature, so that the observed
The values oWV, after turning the microwave on and off jaocrease of 6:2102 is not explained.

_1 . .
are 1.16<10° and 6.1 10" s™*, respectively. The 1.9times  The decrease of the photocurrent much larger tharf i€

larger value ofW, after turning on is attributed to the occur- gyplained by a localized electron-hole pair model originally
rence of the microwave transition between the spin levels roposed in Ref. 2. In this model, an electron and a hole

which enhances the recovery rate of the photocurrent. Thigym 4 |ocalized pair for a certain period. Since the localized
gives an evidence that the present microwave recovery eC’f'airs in the singlet configuration can disappear due to the
periment observes the spin dynamics of the localizéqecombination, the fraction of the singlet pairs becomes sub-
electron-hole pairs. A more detailed explanation of the exxiangially less than that expected by the Boltzmann distribu-
perimental recovery curves will be given after presenting gjon. By the occurrence of the spin resonance, the spin state
theoretical model of the spin-dependent recombination iny, the singlet configuration is populated from the triplet state,
Sec._ V. and the recombination probability is increased. In this model,
Figure 10 shows the temperature dependend&/pifter 5 jecrease of the photocurrent by a factor of up to*1€an
turning the microwave on and off. It is seen tha de- g explained.
creases steeply as the temperature is lowered. As shown in Kaplan, Solomon, and Mott assumed a negligibly weak
Sec. IV,W, is a function of the generatiork), the dissocia-  gxchange interaction between the electron and hole, because,
tion (D), the recombinationR), the spin-lattice relaxation it the exchange interaction is stronger than the difference of
(Wg)), and the microwave transitionW,,,) rates of the he resonance frequencies of the electron and the hole, the
electron-hole pairs and the response ratg)(of the detec-  resonance transition occurs only within the triplet sublevels
tion circuit, with D, Wy, andW, being temperature depen- and the population of the singlet state is not affected. How-
dent. If W, is larger than the other rate$Y, is roughly  ever, as will be discussed in Sec. V A, the spectrum observed
approximated by Eq(48), and the decrease &f/y at low  jn the present EDESR experiment is attributed to exchange-
temperature is attributed to a decreas®andWs,. Inthis  coupled electron-hole pairs. A point of the theoretical model
case, the difference between & values after turning the proposed here is that, even under the existence of the ex-
microwave on and off would be-W,,, which is nearly  change interaction, the increase of the recombination prob-
temperature independent. In Fig. 10, howeverWhevalues  ability by the spin resonance occurs through the mixing of
after turning the microwave on and off become almost identhe singlet and triplet states. Details are presented below.
tical at T=200 K. This is explained by the temperature de- |n the interface region of the heterojunction, there exist
pendence o, : In the present heterojunction, the resistancephotogenerated carriers. Some of them diffuse out of the
of the sample increases steeply as the temperature is loweregterface region to contribute to the photocurrent, and some
The large resistance of the sample makes the response rat#m localized electron-hole pairs. Some of the localized
W, of the detection circuit slower. It is interpreted th&t,  pairs recombine and the others dissociate to populate the
becomes of the same order as or even smaller than the othgiobile carriers again. This situation is illustrated in Fig.
rates at low temperature, and the observed recoverywgte 11(a). Then the rate equation for the numbygrof the pho-
at T=200 K is mainly determined byV.. It is also noted togenerated mobile electron or hole becomes
that componenB begins to contribute to the microwave re-
covery as the temperature is lowered. Thus the temperature d
dependence AV, in Fig. 10 is explained by the temperature Ne G—kn,+Dn—W,n,, (11)

dependence diV, as well asD andWg,, with some distur- dt
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Photo-generated We
mobile electrons k Photocurrent
and holes mp—r—

ocali D

D | electron-hole K\ /I

4 \' n

(@) K
Photo-generated 1 " S=0
mobile electrons : Photocurrent
and holes I FIG. 12. Energy levels of an exchange-coupled electron-hole

k Localized D

electron-hole pair and the processes governing the populatipris=1-4) of the

pairs four spin statesK: Population rateD: Dissociation rateR andR’:
Recombination ratesW,,,: Microwave transition rateWg, and
(b) .1 Spin lattice relaxation rates.

FIG. 11. The relation between the localized electron-hole pairs
and the photocurrenk andD are the rates of the generation and the
dissociation of the localized pair8V, is the rate at which the car- T
riers escape from the interface region of the heterojunction contrib- ha=V1-7n |010> 77|110> ) (18)
uting to the photocurrent(a) is approximated with(b) when  \where
k<W,;. I, andl, are the photocurrents by the carriers that have

i i i i 2142
not experienced the localized pairs and have, respectively. . \/32+ 4(ge_gh)2ﬂBH0_J

Y3=1,-1), (17)

m= 2 Z 242 (19)
whereG is the rate of the charge separation after the photo- 273+ 4(ge—gn)°ngHG

excitation,k and D are the rates of the generation and theAssuming thatd| > 2|ge—gnl wsHo, #1, ¥, andys corre-

dissociation of the localized pairs, respectively, the numbegpond to the triplet configuration, and to the singlet. Since
of which isn, andW, is the rate that the carriers escape fromw2 includes the|0,0) state by a probability of7? the
the interface region contributing to the photocurrent, whichgjeciron-hole recombination can occur in hestate as well
is equivalent with the response rate of the detection circuityg i, they, state, while the recombination rates in tig
The observed photocurrehis expressed as and ¢, states are’assumed to be zero.

l—eW.n (12) Figure 12 shows the processes governing the populations
crer n; (i=1-4) of the four stateg; . n; obey the rate equations

wheree is the charge of a carrier. K< W,, which is actu- g

ally fulfilled as shown later, the probability that the dissoci- %M _ _ N W i

ated carriers again form the localized pairs becomes negligi- dt K=Dny = (Wwt Wep) (ng = n2) =W (N =Ng) ,

bly small, so that it is approximated that all the dissociated (20

carriers diffuse out of the interface region and contribute to g

the photocurrenfFig. 11(b)]. Definingl, andl, as the pho- an B o

tocurrents generated by the carriers that have not and have dt =K=(DH+R)Nz = (Wit We1) (202 =N1 = Ng)

formed localized pairs, respectively, the detected photocur- (21

rentl becomes

dn
=141, 13 g =K~ DNg= (Wit We)(n3—nz) =W, (ng—ny),
Then what is detected by EDESR is a chaideg due to the (22)
spin resonance. In order to calculat¢,, the rate equations dn
for the populations of the spin states of the localized pairs 4 _k- Dn,~R'n,. (23)
must be considered, which is done below. dt
The spin Hamiltonian of the localized electron-hole pair is Egs. (20—(23), K= 1kn, is the population rate of each

_ spin state, which is assumed to be constant since the varia-
= 1oHo(GeSezt GnShd) 29 S S, 9 fion of n. obtained by turning the microwave on and off is

whereS, andS, are the spin operators of the electron and thevery small under the stationary illumination condition, which

hole, respectively, ang, andg, are theg values of themJ  is a factor of 6. 10™* in the present system at room tem-

is the exchange coupling constant, with-0 corresponding perature. It is also assumed that the pair is nongeminate,

to the antiferromagnetic interaction. Using a representatiofiaving equal population rates for the four spin levels, which

|S,S,) which diagonalizes the magnitude 8&S.+ S, and  is in contrast to the case of a geminate pair having a finite

its z component, the eigenfunctions become population rate only for the singlet staf2is the dissociation
rate of the localized pairs in the four statgs-,. RandR’
1=[1,1), (15  are the recombination rates in thig and ¢, states, respec-

tively. W,,,,, andWj, are the rates of the microwave transition
r=+1—7%]1,0)+ 1]0,0), (16)  and the spin-lattice relaxation, respectively, betweenithe
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and s, or ¢, and 5 statesW,, is the spin-lattice relaxation whereA; and B are the values oA, and B, in Egs.(32)
rate between they; and i states. The spin-lattice relaxation and(33) with W=W, i.e., with the microwave off. Using
occurs toward the Boltzmann distribution, whichng=n,  Egs.(34)-(36), A;, A,, B;, andB, are calculated, the ex-
=n5=n, in the high-temperature approximation. The micro- plicit expressions of which are not shown here.

wave transition between thg, and ¢, or 3 and ¢, states When a condition\ ;<W, as well ask<W, is fulfilled,
can occur because of the mixing of the0) state iny,,  the photocurrent, is calculated by

which, however, is neglected because the resonant frequency

for this transition is different from that fow,,,, by ~J/2, l,=eD(NatNptng) ~eD(NatNy), (37

and the corresponding EDESR signal has not been detectegecause the dissociated carriers immediately escape the in-

SinceR’ >R, n, is always much smaller tham;, n,, and  terface region to contribute to the photocurrent in this case.
n3, so that the contribution Gh4 to the phOtOCUI‘I’ent2 IS Then7 the time dependence Qf becomes

neglected.
Defining N, andN,, by I5(t)=1,0— Ce M+ Cyre 2t (39
Na=n;+ng, (24)  Where

e D(3D+2R+9W)

Np=n,, 25 =
b2 @9 0= 5D +R)+ (3D+RW (39
Egs.(20)—(22) reduce to the two rate equations and
N _
dta=2K—(D+W)Na+2WNb, (26) Co e eKDWpny, BW+R*S
L2 Q[Q+ (3D +R)W,,] 2W
dN, R
gt = K~ (D+R+2W)Np+WN,, (27) X|5(3DW+2WR+DR) = DR |,  (40)
where with
W=W,,,+W,. (28) S=/9W?+ 2RW- R? (41)
The solutions of Eqs(26) and (27) become and
N, (1) =Ag+Ae M+ Ae 2t (29 Q=D(D+R)+(3D+R)W. (42
_ _ In Eq. (38), a relation 6<C;<C, is always satisfied.
— At Aot
Np(t)=Bo+Bie "'+ Bye 2, (30 Similarly, the photocurrenit, after turning off the micro-
where wave att=0 becomes
N1,=3(2D+3W+R+ JOWZH2RW+R?), (31) 15(t)=1}o+ Cle Mi—Che 2t (43)
so thath ;>\ ,. In Egs.(29) and (30), where the primed quantities are calculated using E28—
(42) by replacingW with Wg,. Again a relation 6<C;
A 2(D+R)+6W < 2 <C} holds.
" D(D+R)+(3D+R)W ’ (32) The EDESR signal intensity corresponds to the differ-
ence ofl 5(«) andl (), so that
B D+3W K (33 3D+R
0~ )
D(D+R)+(3D+R)W -
( )+ ( ) , 2eKDR q  Wmnw
andA; andB; (i=1 and 3 are constants having the relations V=1l 120= Q(3D+R) 3D+R . (49
me
_ W+R T JOWZ+ 2RW+ R? Q
127 W Bi2, (34) Equation(44) has the same form as E@).

The above calculations are for the casekok <W;.
which are determined by introducing initial conditions. Practica”y, th|s Condition can be re|axed ko)\2<WC be_

In the present microwave recovery experiment, the microcayse a relatiorC,<C, is satisfied in Eq.(38) when \,
wave is turned on and off after keeping the microwave offs. ) . 5o that the contribution of the 1! term is neglected
and on, respectively, for long enough periods. Then the inij this case. When the serial resistance of the detection cir-
tial conditions forN,(t) andNy(t) after turning on the mi- it in Fig. 1 becomes extremely large, the conditioi,
crowave att=0 become <W, may no longer be fulfilled because the response rate
W, of the circuit becomes small in this case. This situation
actually occurs in the low-temperature measurement of the
present system where the sample resistance becomes ex-
Np(0)=Bo+B1+B,=By, (36)  tremely large. In this case, EfL1) should be simultaneously

Na(0)=A0+A1+A2=A6, (35)
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perimental decay rat®V, corresponds to\, in Eq. (31),
which is roughly approximated as

Wo~No~D+Wg+Wny- (48
In the present system at room temperatWig,after turning

on the microwave is larger than that after turning off. This
occurs wherR>W,,,,=D,Ws,. The experimental values of

0 01 tQ-2 03 04 05 Wo=1.16x10° and 6.1% 10* s~ ! after turning the micro-
miciowave ime (ms) wave on and off are explained witR=1x10¢® s™% D
ON OFF +Wqi=6.2(+0.8)x 10* s!, and W, =6.4(=1.0)x 10"
S

FIG. 13. Theoretical microwave recovery curves calculated by With the above parameter values, the relative change of
Egs.(38) and (43). The parameter values a=3.2x10' s, R {ne photocurrent by the spin resonance, ieAl,/1,= (I}
—1X10° 5%, Wypy=7.2x10" 571, and Wy =3.2x10¢ s°%. The , Sy el 220

» Wiw="1. ' Sy ' —1l,9)/15, becomes 4.3£0.5)Xx 10"+, wherel, is the pho-
calculated recovery rates are,~126<1¢° s * and A;~1.17 tocurrent produced by the dissociation of the localized
X 10° s~ after turning on the microwave, and =1.10x 1¢f s* P ; y

_ -1 oo electron-hole pairs for compone#t However, the calcu-
and\,=6.18x 10" s * after turning it off. e .

lated value of 4.% 10 - is for the case when the microwave

excites all the localized pairs for componegktThe micro-
wave intensity of 25 mW in the present microwave recovery
experiment corresponds to the microwave magnetic figld
of the order of 0.01 mT/ which means that the microwave
excites the spins in a width of 0.01 mT at the center of the
= resonance. Since the linewidth of the present EDESR spec-

— trum is about 0.3 mT, the microwave excites only about 3%
lkeGDRW, p Vmw y )

solved with Egs(20)—(23), and the microwave recovery rate
becomes to be affected W.. Then the EDESR signal in-
tensity V is calculated from the stationary solution fog,
the result of which is

V=e W, (N’ y—Ngo)= of the localized pairs. Thus the theoretical value of 4.3
ctlco 'O PF F : X 10" for —Al,/l, should be reduced to 2RL0"? for

1+ EWmW comparison with the experiment. The experiment shows that
(45 —Aly/1=—=Al,/(1;+1,)=6.2<10"*, wherel , is the pho-

) _ _ _ tocurrent by the carriers that do not experience the localized
wheren andn, are the stationary solutions for, with  pairs. Comparing the theory and experiment, it is estimated
the microwave on and off, respectively, aRdand F are  that I,/l; ~ I,/1 ~ 0.05. Thus the photocurrert that is

defined as follows: caused by the dissociation of the localized pairs for compo-
nentA is about 5% of the total photocurrent.
P=7k[D(D+2R)+(3D+4R)Wg ]+ W.Q, (46) ComponenB has a negligibly weak EDESR intensity at
room temperature. This is mainly because compoBehas
F=%k(3D+4R)+W,3D+R). (470  much smaller values ofr and g in Egs. (2) and (3) than

componentA, so that the number of localized pairs for the

Again, the EDESR signal intensity has the same form as EccomponenB might be of the same order as that for compo-
(2). As expected, Eq45) becomes Eq(44) in the limit of  nentA. However, since the microwave recovery experiment
k < W, since a relatiom. ~ G/W, is fulfilled in this case.  for componentB is not possible at room temperature, the

In the present microwave recovery experiment for com-contribution of componer to the photocurrent is unknown.
ponentA at room temperature, the observed recovery rateé The experimental recovery rate has a distribution, as
certainly reflects the spin dynamics, since the recovery rateshown in Sec. Ill B, which indicates that the valueafhas
after turning on and off the microwave is different. This g distribution. This distribution may originate from the dis-
indicates thatw. does not affect the microwave recovery tribution of D and W,,,,. The distribution ofD may be
rate so that the conditiok, A,<W, is satisfied. Using Egs. caused by a distribution of the distance between the electron
(38) and (43), the theoretical microwave recovery curve is and hole, and that 8iV,,,,, is attributed to the inhomogeneous
calculated when the values @&, R, Wy,,, and Wy are  proadening, with which different spin packets have different
given. Figure 13 shows the calculated recovery curves. Ay .
recovery curve is made of an overlap of two exponential Dyakonovet al. suggestetithat the intersystem crossing
components—C, e ™' and C,e *2' (or C; e Mt and between the), andy, states may give a recombination path
-C} ef)\ét) with A\;>\, and C;<C, (or \}>\} and C} for the localized pairs in the, state. In the present study, a

<C}). The decays of the two components are always in th heoretllcal mode] with such an intersystem crossing has also
e : , , - een tried. In this case, the theoretical microwave recovery
opposite directions sind@,, C,, C;, andC,, are all positive.

In the experimental recovery cunves. however. the overlan o urve becomes an overlap of three exponential components,
xper Very CUrves, however, VErap 04ngd one of the three components shows a decay in the direc-

the —C; e~ (or Cje *1') component is not observed. tion opposite to the observed direction with a relatively large
This indicates tha€;<C, andC;<Cj. It is found by in-  amplitude, which is in contradiction with the experiment.

specting Eq.(40) that these relations are satisfied when aThus, the effect of the intersystem crossing is neglected in
condition R>D,W,,,, Wy, is fulfilled. In this case, the ex- the present system.
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Dyakonov, Rsler, and Schwoerer suggested recetitly, should be unity, and, since is proportional toB, as/ag
in order to explain their experimental results of should also be unity. The experimental valuesagf/ag
photoluminescence-detected-magnetic-resonafiReDMR) =6.1 andC,/Cz=1.5 are obviously in contradiction with
for poly-(p-phenylenevinylenefiims, that a narrow PLDMR  this expectation. This indicates that the two componénts
line atg=2 is caused by a recombination channel in whichandB are not attributed to the electron and hole of the local-
the interchain charge-transfer excitons, i.e., the geminate pdzed pair. The two spectral components should be attributed
laron pairs produced by the charge transfer between neighe different types of localized electron-hole pairs, each of
boring chains from the primary intrachain singlet excitons,which has its own values aof, 8, andC.
relax to intrachain triplet excitons through an electron back The electron and hole in the localized pair for each spec-
transfer, followed by a triplet-triplet anihilation to singlets. tral component are exchange coupled for the following rea-
The present EDESR signal is not attributed to such a tripletsons.(1) Each component consists of a nearly Lorentzian
triplet anihilation channel because the signal intensity of thesingle line. If the exchange interaction is weaker than the
present EDESR spectrum shows a linear dependence on thiference of the resonance frequencies of the electron and
photocurrent or the light intensity in the weak light intensity hole, the total spin of the pair is not a good quantum number
region, while in the triplet-triplet anihilation mechanism the and the spectra of the electron and the hole should be ob-
signal intensity should be proportional to the square of theserved separately, which is in contradiction with the ex-
photocurrent or the light intensity. In the present model, it isperiment. If either the electron or hole has a much larger
assumed that the recombination rate in the pure triplet statespin-lattice relaxation rate than the other, its EDESR spec-
Yy and iy in Egs.(15) and(17) is zero. This does not deny trum may be broadened and difficult to detect. However, the
the possibility that the triplet electron-hole pairs relax to thepresent system does not contain any heavy atoms that make
intramolecular triplet excitons. Similarly, the electron-hole the spin-lattice relaxation rate large through spin-orbit inter-
pairs in they, and ¢, states in Eqs(16) and(18) may relax  action. If the electron and hole have an identigaialue and
into intramolecular singlet excitons, since these two stateBnewidth, it may not be possible to distinguish whether the
contain the|0,0) state. Without triplet-triplet anihilation, observed spectrum is an overlap of the two spectra of the
however, the decay rate of the triplet excitons to the grounelectron and hole or the spectrum of the triplet state due to
singlet state should be much smaller than that of the singledhe exchange interaction. In this case, however, any finite
excitons by several orders of magnitude, and also smallegxchange interaction may be sufficient to make the total spin
than the direct decay rate of the singlet electron-hole pairsf the electron-hole pair a good quantum numidé&y. The
into the singlet ground state. Since the triplet excitons hardlexistence of the exchange interaction is quite natural since
decay, they may be transformed to triplet electron-hole pairshe electron and hole of the localized pair should be in close
again. Thus the recombination path of the pure triplet subproximity so as to take part in the recombination. Assuming
levels ¢, and 5 is neglected. that the difference in thg values of the electron and hole is

Finally, the theoretical analysis for the case of no ex-in the order of 0.001, an exchange interaction in the order of
change interaction between the electron and hole is shown ih0™ 2 K is strong enough to make the signals of the electron
the Appendix. In this case, the theoretical microwave recovand hole meet into a single lif8.(3) In EDESR studies of
ery curve becomes almost identical to that calculated by Eqsnost other system's’°a separate observation of the electron
(38) and (43) when the parameter valugs, R, W,,,,, and and hole signals is not reporte@) The theoretical model
W, are the same. Thus it is not possible to judge the exispresented in Sec. IV for the exchange-coupled electron-hole
tence of the exchange interaction by the microwave recoverpair can explain the experimental results of the microwave

experiment. recovery.
Thus the present EDESR signal is attributed to the micro-
V. DISCUSSION wave transition between the triplet sublevels. The triplet ESR
spectrum usually has a fine structure due to the zero-field
A. Origin of the two spectral components splitting which spreads over, for example, 100 MTThe

The present EDESR study of thet/Gy, heterojunction ~ Present EDESR spectrum, however, does not have such a
shows that two spectral componemtsand B exist withg ~ fine structure, but has a nearly Lorentzian line shape with a
=2.0018 and 2.0010, respectively. One possibility for thelinéwidth of ~0.3 mT. This indicates that the present system
origin of the two components is that the EDESR signals of1as a negligibly small zero-field splitting. Assuming that the
the electron and hole of the localized pair are detected sep€ro-field splitting is determined by the magnetic dipolar in-
rately. This occurs when the exchange interaction betweelfraction between the electron and hole in the pair, the small
the electron and hole is weaker than the difference of th&ero-field splitting is attributed to a large distance between
resonance frequencies of them. In this case, the theoreticH]e €lectron and hole while they are close enough to be ex-
model described in the Appendix should be applied. In theehange coupled. Since the zero-field splitting is smaller than
present power saturation analysis in Fig. 7 for the two comiNe linewidth, the electron-hole distance is estimated to be
ponentsA and B at 204 K, ax/ag=6.1=2.3 andC,/Cg Iarggr.than 18 A. A S|m|I§r exchang_e—coupled spin pair Wlth
—1.5-0.1 are obtained, where andC are defined in Eqs. negligibly small zg(o-fle;cli splitting was reported in
(2) and(3). The explicit expression of Eq2) would be Eq.  Phosphorus-doped silicdft:

(A19) in the Appendix. If the two componens andB are

the spectra of the electron and the hole of the localized pair,
all the parameter values excépt,,, in Eq. (A19) should be In the present EDESR spectrum, spin-flip satellites are
the same for componentsandB, so thatB,/Bg andC,/Cg observed for componem§. The satellites are caused by the

B. Location of the localized pairs
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In Sec. Il A, the value of /N6 was estimated to be 2.6
A from the satellite intensity, whereis the distance between

N N
\ e \ D the electron(or holg spin and protons, and is the number
N\H N= N\ N= of the protons surrounding the electréor holg spin. An
N N N /Cu N exact estimation oN is impossible, but it is expected thislt
AN H\N { I\ \N { should be in a range between 15 and 30 because the protons
\ P \ _ responsible for the satellites are the 16 edge protons of the
N N H,Pc ring. ForN=15 and 30 becomes 4.08 and 4.58 A,
respectively. Thus, it is concluded that4.33+0.25 A.
This indicates that the localized pair for compondnis
(a) (b) located close to the Jc rings.

The most probable picture of the localized pair is the
bound excitorf? in which an electrorfor hole is trapped by
interaction between the electrdor hole spin and its sur- & recombination center, which is the lattice imperfecti_on or

éjefect having a deep-gap state, and a Holeelectron is

rounding nuclear spins of protons. In the present heterojun ha L
tion, protons exist on the phthalocyanine ring, i.e., two pro_weakly bound to the ionized recombination center by the

tons at the center and 16 at the edge of the ffig. 14a)]. Coqu_mb interactiqn. Sinqe only componehthas spin-flip
The main contribution comes from the edge protons since, tellites, the localized pairs for compon_eAtandB may be
shown in Fig. 1%a), satellites of almost the same intensity ocated on the_ recombination centers in thgPet and G
are observed even when Pt is replaced by Cu- AYErs, respectively.
phthalocyanine(CuPg which contains no center protons
[Fig. 14b)]. One possibility may be that the hole of the
localized pair for componen is a H,Pc' radical, and an The EDESR spectrum of the ,Ac/Gy, heterojunction
electron is bound to the hole by the Coulomb interaction. Ifconsists of two componenssandB which haveg values of
this is the case, thg value of componena for CuPc/G,  2.0018+0.0002 and 2.00100.0002, respectively. The two
should be different from that for §#Pc/Gy, since the CuPt  components are attributed to localized electron-hole pairs
radical should have a differerg value from that of the trapped at different types of recombination centers. Compo-
H,Pc" radical because of the exchange interaction of thenentA has spin-flip satellites due to the interaction between
holes with theS= 3 spin on the central metal €0.> How-  the electror(or hol® spin and the surrounding nuclear spins
ever, both componeni andB of CuPc/G, have identicaj  of protons. From the satellite intensity, the distance between
values to those of HPc/Go, as shown in Fig. 1®). Thus the  the electron(or hole and the protons is estimated to be 4.33
spins of the localized pair of componemsandB do not  +0.25 A, indicating that the localized pairs for componant
reside on the Pc rings. are located close to the,Rc rings. By the microwave recov-
ery experiment, the spin dynamics of the localized pair for
g=2.0018 componentA was investigated. A theoretical model of the
spin-dependent recombination of an exchange-coupled
electron-hole pair explains the experimental results of the
microwave recovery. By the theoretical analysis, it was
found thatR= 1x10° s and D+ W4=6.2 (+0.8)x 10*
s~ L. The photocurrent, that is caused by the dissociation of
the localized pairs for componeAtis about 5% of the total
photocurrent.

FIG. 14. Structures ofa) H,Pc and(b) CuPc.

VI. CONCLUSIONS

L | | | | ]
332 333 334 335 336 337 APPENDIX: THEORETICAL MODEL IN THE CASE
Hy (mT) OF NO EXCHANGE INTERACTION

£=2.0018 In this appendix, a theoretical model of spin-dependent

’ 2 0010 recombination in the case of negligibly weak exchange inter-
F A g=2.

action between the electron and hole is developed. In this
caseS;, andS;,, become good quantum numbers, whgge
andsS;,, are thez components of the spins of the electron and
hole, respectively. Figure 16 shows the four spin states of the
localized electron-hole pair, which ai&,,,S,)=|3.3).

7,-%), [=2,2) and|—3,—3). The populationsn; (i

827 828 829 830 831 =1-4) for these spin states obey the following rate equa-
Hy (mT) tions:
FIG. 15. EDESR spectra of a CuPgjtheterojunction.(a) X A DR (W 4+ WE (e —nn
band at room temperaturé) K band at 170 K. The broken line for dt 1~ (Winwt We)) (1= 1g)

b is a simulated one by an overlap of two Lorentzian lines which h h
are shown by the dotted lines. = (Whyt+Wg)(ni—ny) , (A1)
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D where
Se Sh
N / W= W, Wy (A9)

\Nsh vvse with
KKV,,,‘L Wh\l K W= WS, +W" (A10)

N
% n, n; and
/. N

R D‘/ e W;flvl//" h\D R Wei=WE+ W . (A11)
! ! Solving Egs.(A7) and(A8) in a similar manner to that in
1 Sec. IV, the time dependence of the photocurrdentfter
/I \'D turning on the microwave d@t=0 becomes
K
Iz(t)zlzo_ Clef)‘lt-l-Cze*)‘?t y (A12)
FIG. 16. Energy levels of a localized electron-hole pair in thewhere
case of no exchange interaction, and the processes that determine R =2
the populationsy; (i=1-4) of the four spin state&: Population _ N 2, [P
rate.D: Dissociation rateR: Recombination rateWe,, and W, : M2=D+WH 27 W 2/ (AL3)
Microwave transition rates of the electron and the h#l&, and ith
W!,: Spin lattice relaxation rates. wit
| 2eKD(4W+2D +R) (A14)
dn 20— )
d_::K_DnZ_RnZ_(Wﬁqw+W§|) D(D+R)+(2D+R)W
and
X (No=Ng) = (Why+t We)(Na—ny), - (A2) o
dn KDW, WS TN W S
. =K~ DNg— R — (W5, + WE) Com e Minw
" Qa[Qat (2D +R)Wiyy] W
X (Ng=ny) = (W, *WE)(N3— ), (A3) DR
q R 7+WD+WR
Ny
EZK—Dn4—(W,°}1W+W§|)(n4—n2) X >+ DR|, (A15)
W2+ | —
—(Wh W) (ns—ng) . (A4) 2
In Egs. (A1)—(A4), K is the population rate of each spin where
state.D is the dissociation rate of the localized pdvis the
recombination rate of the electron and the hole which occurs Qa=D(D+R)+(2D+R)W. (A16)

only in the antiparallel spin staté$,—3) and|—3,3), be-  In Eq. (A12), relations\ ;>\, and 0<C;<C, hold.

cause these states are expressed as linear combinations of theOn the other hand, the time dependencé;ofafter turn-

singlet and triplet configurations, and the recombination carnng off the microwave at=0, becomes

occur in the singlet configurationWe,, (Wh,) and ) ) Mt

WE, (WD) are the rates of the microwave transition and the Ia() =13+ Cie ' —Cre 2, (A17)

spin-lattice relaxation, respectively, of the electrle)  where the primed quantities are calculated using E3)—

spn. _ (A15) by replacingW with Wg,. Relations\;>\, and
DefiningN, andN, as the populations of the parallel and 0<C}<C} again hold. Thus Eq¥A12) and (A17) are the

the antiparallel states, i.e., theoretical expressions for the microwave recovery curves
No—n.+ AS after turning the microwave on and off, respectively.
p= N1 N4, (AS) The EDESR signal intensity corresponds to the differ-
ence ofl 5(«) andl,(»), so that
Na:n2+ N3, (AG) 2( ) 2( )

2D+R

Eqgs.(A1)—(A4) reduce to the following two rate equations: _—
gs.(A1)—(A4) redu wing tw quat 2eKDR2 Qa Winw

dN, V=l20"l20=5 5p7R) 2D1R (A18)
—— =2K—(D+W)N,+WN,, (A7) 1+ ——W,
dt Qa
dN which has the same form as E@).
a When the serial resistance of the detection circuit in Fig. 1
dt 2K=(DH+REW)Na+WN,, (A8) is large, the effect of the response rate of the circuit is not
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negligible. In this case, Eq11) in Sec. IV must be simulta-
neously solved with EqstA7) and (A8), and the EDESR
intensity V becomes

F,
LkeGDRW, P, Vmw
V= , (A19)
P,F, F,
1+ P_2me

where

P,=3k(DR+2RW,)+W.Q,, (A20)

F,=kR+W_.(2D+R) . (A21)
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