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Carrier diffusion and electron-hole recombination are shown to be considerably slowed down in
Cd, _,Mn,Te semimagnetic semiconductors due to the efficient trapping of electrons on manganese sites. The
theoretical interpretation is based on population dynamics, charge continuity equations, and Poisson’s law. A
simple analytical solution of this complicated system of equations is in very good agreement with the numeri-
cal one for a large range of durations of the write puldesm 100 ps to 1us). Both calculations predict a
reduction of electron mobility by a factor of 6000. These theoretical predictions are confirmed by the results of
an experimental study performed by using the simple grating technique: We observe the temporal evolution of
the diffracted signal when a continuous read beam is used to read gratings of different wavelengths encoded in
the material by interfering write laser pulses. An effective ambipolar mobility of 0.54\tmis measured,
which provides a value of 3400 &W s for the intrinsic mobility in Cg-MnysTe. This low ambipolar
mobility could make this efficient material potentially interesting for parallel optical processing in the micro-
second rangg.50163-182@08)03436-3

[. INTRODUCTION rise to a long-lived refractive index grating. Moreover, due to
hole diffusion, the modulation amplitudes of positive and
Carriers can be created in semiconductors either electronpegative charges are slightly different, hence a space charge
cally through injection in diodes or optically through optical field that produces a photorefractive grating in this electro-
absorption. The mobility of these carriers strongly influenceptic material. Measurement of the time evolution of the
the properties of the medium. For example, a high mobilitydiffraction efficiency of these photogenerated gratings allows
is required to speed up electronic devices while a low extrinthe study of carrier diffusion in this material.
sic mobility is necessary for optical recording of long-lived
diffraction gratings in semiconductor media. Indeed, the in- Il. THEORY
trinsic mobility corresponding to a pure material can be low-
ered by introduction of traps, leading to the so-called extrin-
sic mobility. In the case of pure II-VI semiconductors such  The model used to determine theoretically the free hole
as CdTe, electron mobilities of the order of 1100%vs and photorefractive contributions to the refractive index grat-
can be obtainedIn the case of Cg ,Mn,Te semimagnetic ing is extrapolated from that used to explain the long-lived
semiconductors, it was recently shown that recombination ifuorescencéand photoinduced Faraday rotatigsreviously
drastically reduced by trapping of electrons on the mangaobserved in Cd ,Mn,Te SMSC’s. This model is depicted in
nese sited, especially in very pure samples. This effect is Fig. 1. It contains four levels: the conduction and valence
expected to lead to a lowering of electron mobility, which bands(with state densitieC and H, respectively, a trap
strongly modifies carrier diffusion. level (with state density?), and a recombination levélith
In this paper we show, both theoretically and experimenstate densityR) from which radiative recombination occurs
tally, that diffusion of free carriers photogenerated inwith free holes. These two last levels are locatedAat
Cd,_,Mn,Te semimagnetic semiconductofSMSC’s is =13 meV andAr=210 meV below the conduction baAd.
drastically reduced owing to efficient trapping of electrons,Population transfers between the conduction band, the trap
most probably on manganese sites. This mechanism is olgvel, and the recombination center level are evaluated by
served through the grating techniqieyhere free carrier using the relaxation constant&, Kp, andKy for the C
(electron and holegratings are photogenerated through ab-—R, C—P, andR—H transition$ and the thermally acti-
sorption of interfering laser beams in the .CgMn,Te  vated relaxation constan{& r=Kgexg —(Ar/kgT)] andKp
sample. Due to the very fast€ 1 ps) trapping of electrons =Kpexg—(Ap/kgT)]) with kg the Boltzmann constant and
on the manganese sites, a grating of quasifixed negatiVeé the sample temperature. The system is described by popu-
charges is created and the diffusion of the associated holation rate equations for the fixed trap and recombination
grating is much reduced. The hole density modulation givesevel densities | and r, respectively, continuity equa-

A. Description of the model
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FIG. 1. Scheme of the relaxation model for optically induced ,
carriers. +Kp[AP(C—cg) —poAc]
—Kp[Ac(P—pg)—CoA
tions for electron and hole densities &ndh, respectively, PLAC(P=Po) = Cop]
and Poisson’s law for the space charge figldThe follow- Ac 3 Ap+Ar+Ac—Ah

ing set of space- and time-dependent differential equations is o Tdi +msh, 1D
then obtained: e e
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0¢s

for the modulation amplitudeSc, Ar, Ap, Ah, andAE. In
In !Eqs.(l)—(5), e is thg modulus of the charge of elgctron, Egs.(11)—(15), 7-De=e/,uekBTK2 and 7-Dh=e/,uthTK2 are
esis the static dielectric constant. anduy, are the intrinsic e characteristic diffusion lifetimes of electrons and holes,
electron and hole mobilities, respectively, aids the exci- respectively, and"die:SOSS/eMeCO and Tdihzsoss/el/«hho

tation rate expressed ifphotons/gcm® with 1=1(r.t) the  are the dielectric time constants for electrons and holes, re-
local intensity. spectively.
These equations were solved numerically for a top hat
B. Numerical solution intensity profile of width At=10ps to a few us

The problem is solved with a light grating of wave vector USing the system constafits®=1.2x 10?2 cm ™%, R=1.2
i . X10% cm3 C=1.6x10%¥ cm 3 Kr=5%x10"“%stcm3
K along thex axis[I(r,t) =14(t)(1+m cosKx)] with a low ’ : 'R ’

g ) - Kp=5%x10s1ecm3 Ky=2.6x10°stcm™3 and T
;glndt raSth]ttTnlg) Ig_tht? f}?z gjzr;gxafglilcl:ygppcﬁtdhelebc tric =300 K. Whatever pulse duration was used, the density of
. - O A

—p.r,c,h,E, we get two sets of coupled, time-dependent photogenerated electron-hole pairs was constaipAf
differential équations ’ '=10'"% cm®). Results are presented in Secs. Il D and Il E.

dcg C. Analytical solution

at KpCo(P—Po) +Kppo(C—Co) ~KrCo(R—To) A simple analytical solution of Eq$1)—(5) was also per-
) formed under the assumptions of low excitation ra@ (
+Kgro(C—co) +slo, (6)  >c, R>r, and P>p) and low space charge densit (
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=p+r+c—h<h). We therefore obtain, when assuming a low  Resolution of Eqs(16)—(20) at zeroth order with respect
recombination rate for holeK(rt<1), to m gives the following expressions for the mean densities
during the top hat pulse:

ap
— =KpPc—KACp, 16
ot P PP (18 St [ o KR t
a CoTkLP P Ko PTRKRRTA T 7,
EZKRRC—KRCI’, (17 KpP t 21
KoP+KeROA ™7 | @)
dh  uekgT [d°c ¢ °h . dc ¢ oh sl
A e e hae) TRl TR TS sy KeR :
18 Fo=— 1+K’Ct—exp<——”, 22
18 " KgC KeP i 7 (22
dD oh  une wnksT 9%h
T HE T e M0 o 19 sl t
0€s €  ox _ >l /
Po=—— | Kg Ct—1+exp — —/||, (23)
KrC T2
&E_ e 5 20
gX  &ofs ho=Slot. (24)

Equations(18) and (19) are obtained through linear combi-

nations of Eqgs(1)—(4), replacingV - E by its expression in In Egs.(21)—(24), 1/m;=KpP+KgR corresponds to the de-
Eq. (5). Equation (18) comes from the calculation of excitation rate of the conduction band,(8.3x10 s
weC(oh/at)+ uph[d(p+r+c)/ot], which becomes Wwith the constants given here befprand 7,=(KpP
uph(ah/at) if p+r+c~h andu.c<uph. Equation(19) is +KgrR)/KRCKRpP is the time constant characterizing the
simply Eq. (1) plus Eq.(2) plus Eg.(3) minus Eqg.(4), as- evolution of the system towards a thermodynamic quasiequi-

suming eC< unh, (¢! 9X) < pn (Il 9x) and librium (7,~8.5x10 ?s).
we(%cl 9?X) < un(9°h19°x), which is generally true even  Assuming, as verified numerically, thath/ho=Ap/p,
with x,=5700 cn?/V s and u,=40 cnf/V s.° =Ac/cy=Ar/ry, the hole modulation is simply given by

mslyrh
e

t
1—exp< — T) ] for t<At
TDe

At t—At
l1—exp —— | |exp —— for t>At,
TDe

TDe

where 7, = rDehO/ZC(,:e/,u(;kBTK2 is the extrinsic elec- surement of these two quantities allows the determination of
e ’ . ..

tron diffusion time withu.= ue(2¢o)/ho the extrinsic mo- 7D, or, equivalently, the measurement of the extrinsic elec-

bility of electrons. For the electron, recombination center,tron mobility. Furthermore, measurement of the space charge

and trap modulation amplitude we g&t=Ah(cy/hy), Ar  field during the pulse duration allows the determination of

=Ah(rq/hg), andAp=Ah(poy/hy), in accordance with the g, Or, equivalently, the measurement of the intrinsic hole

assumption used to calculatéh. In order to calculateAD mobility in Cd,_,Mn,Te.

and AE analytically, we must restrict ourselves to the case

whenAt<rp, , which gives at first order itV 7y,

Ah

(25

mslyrh
e

D. Results for the mean densities

The time evolution of the mean densities, ry, py, and

2
imEp| 1— L, —exp( - ﬁ) for t<At h, during the pulse duration are plotted in Fig&)22(d) for
2TDe Tdi, At=3 us and a mean excitation rate corresponding to
AE= At At sloAt=10'% cm3. In these figures straight and dotted lines
imEp| 1— exp — for t>At, correspond to numerical and analytical solutions, respec-
27{,e o, tively. The agreement between numerical and analytical so-

(26) lutions is excellent for all mean densities, the slight misfit
observed at long timeg$ 1 us) being due to hole recom-

where Ep=kgTK/e is the limit space charge field. Exami- bination, not taken into account in analytical calculations.

nation of Egs.(25) and(26) for t>At shows that the mea- For much shorter pulse duratiopAt=100 ps in Figs. G&)—
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FIG. 2. Temporal evolution of théa) electron,(b) recombina-
tion center,(c) trap, and(d) hole densities during a As-duration
square pump pulse.

FIG. 3. Temporal evolution of thé) electron,(b) recombina-
tion center,(c) trap, and(d) hole densities during a 100-ps-duration
square pump pulse.

3(d)] the agreement is perfect for electrons, holes, and trapgym (c,/h,=8x 105 andr,/h,=2x 10 3) is reached in a
and a slight discrepancy exists for the recombination centefa,y tens of picoseconds after the high peakg/fhy~0.02

which is connected to the high value of (ro~R/20) andr,/hy~0.2) obtained during the pulse.
reached in such a case. Results presented in Figs. 2 and 3

prove that the analytical solutions describe very well the _ _
physical mechanisms over a wide range of pulse durations E. Results for the modulation amplitudes

(typically At~100 ps to 1us). For At<100 ps the approXi-  The time evolution of the modulation amplitudesc,
mation R>r, fails badly (at least for our excitation rates Ay Ap, Ah, andAE during the pulse duration was calcu-
and numerical solutions are required, as&ar>1 us, when  |ated both analytically and numerically for a light grating of
hole recombination must be taken into account. wavelength A=2.9 um having a modulation depthm
Examination of Egs.(21)-(24) shows that fort  _p 1 Results presented hereafter were obtained for
>1/KiC (=~2ns) a quasiequilibrium does exist witty =5700 cnf/V's and u,=40 cnf/Vs, but they were quite
=hoKpC/KpP, 1o=ho(KrRKpC)/KpPKRC, andpo=ho. insensitive to the value ofi,. The value of the intrinsic
Using the numerical values, one getg/hy=8x10"° and  electron mobility is intentionally a high one in order to vali-
ro/hy=2x10"3, in good agreement with the assumption of date the approximatiop.c<uph of the analytical solution
good trapping of electrongg/ho=1). These values are ef- in the most difficult conditions. The calculations performed
fectively reached for long pulsesee Fig. 2, while for At for pulse durations ranging from 100 ps tqu& demonstrate
<1/KpC, co/hy and ro/hy are proportional to Nt and  an agreement between analytical and numerical results that is
hence much higher than the equilibrium valgsse Fig. 3  very similar to that obtained for the mean densitig=e Figs.
However, the quasiequilibrium is reached very rapidly after2 and 3. This agreement is indeed consistent with the valid-
the end of the laser pulse. This is illustrated in Fig&)4 ity of our assumption of equal relative variations of the
4(d), which show the numerically calculated time evolution populations Ah/hg=Ap/pe=Ar/ro=Ac/cp).
of the mean densitiesy, rqy, pg, andhy for a very short Figures %a) and 3b) show the time evolution of the hole
pulse duration £t=10 ps). A linear scale is used fpp and  and space charge field modulation amplitudes. These quanti-
ho [Figs. 4c) and 4d), respectively, while the use of loga- ties are plotted in Figs. 5(pand 5 (k) and Figs. 5 (g and
rithmic scales in Figs. @) and 4b) allows the observation of 5(h,) for pulse durationét=100 ps and\t=10 ns, respec-
the time evolution oty andr, for which the quasiequilib- tively. For hole density modulation, the agreement between
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FIG. 4. Temporal recovery of t_r(fa) electron,(b) recombination FIG. 5. Temporal evolution of the (and (a) hole and (b)
center, (c) trap, and(d) hole Qen§|t|es after a 10_.95 squareé pump o, () space charge field modulations during)(and (k) 100-ps
pulse. Electron and recombination center densities are plotted iBnd (3) and (Iy) 10 ns square write pulses. The light grating modu-
logarithmic scales. lation depth isn=0.1 '

numerical and analytical solutions is very good in spite Ofjzted analytically forAh andAE is exponential with the time
the numerous approximations, whereas for space charge ﬁe&)nstantrg ~4.1 s [which is related torf, by the rela-
modulation, the agreement, which is good far=10 ns, is ) e X e
rather bad for the shortest pulse duratibt—=100 ps. This tion 7o /75 =(A1/A7)°], whereas the decay calculated
discrepancy is related to the approximatigne<unh,  numerically is almost exponentialsee the continuous
which is no longer valid for a short pulse duration, when  straight lines in Figs. 5¢x and 5(b)], but the time con-
is around 100 times larger than the equilibrium value that isstants are somewhat shorter, due to hole recombination tak-
reached in the case of long duration pul§as=10 ns in  ing place on this time scale. Note that this effect is larger for
Fig. 5(py)]. Ah (rp_~3 ps) than forAD (7p_~3.5 us) due to the fact

2 2

As already mentioned, measurement of carrier mobilities , , , ,
thathy is present in both the relaxation and source terms in

the differential equation governing the time evolutionAdi
while only in the source term in the case &E.

is made possible by examination of the time variatioAbf
and AE after the laser pulse; Figs(® and &b) show these
two quantities plotted on a semilogarithmic scale as a func
tion of time for a pulse duration of 10 ns, which corresponds
to that given by our laser. Note that the time scale is very
different for the two grating wavelengths used\,
=2.9 um [Figs. 6(g) and 6(h)] and A,=20 um [Figs.
6(a) and 6(B)]. This large difference is due to the diffusion

Ill. EXPERIMENTAL SETUP

The experimental setup used for measurement of carrier
mobilities is shown in Fig. 7. It was a classical “write” and
. S\ . ; “read” dynamic grating arrangement, similar to that pre-
rlme,r;/vf:lchhls proport;orrl]al to thﬁ squa:e of Lhe graél_ng Wsave'sented in Ref. 7. The grating was recorded by two write
ength. In the case of the sma -wave engt gr_alﬁ s. beams provided by the same dye laser pumped by a fre-
(2) and 5(R)] the same expor)enUaI decay is CalCUIatedquency doubled-switched Nd:YAG lasefwhere YAG de-
numerically and analyticallywithin few percent for hole notes yttrium aluminum garnebperating at a 10-Hz repeti-

and space charge field modulations; the slope of thes&on rate. The dye laser wavelength was adjustech gt

straight lines allows the determination of the exponential_ -q | in order to allow & =36% transmission of the
time - constant TDef87 ns. In the case of the large- 3561 peam through the 3-mm-thick GWngsTe sample.

wavelength gratingFigs. 6(a) and 6()] the decay calcu- The write laser attenuation included 38% of internal losses,
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“diffracted” beam was observed, symmetrically to the trans-
mitted read beam.

Time resolved measurements of the diffracted intensity
were ensured by using a fast avalanche photodiode followed
by an amplifier. The time-dependent signal was sent to a
digital oscilloscope connected to a personal computer in
which results were stored and processed. The time resolution
of our apparatus was limited to 36 ns due to the strong am-
plification of the photodiode signal. Polarizers were occa-
sionally added in the paths of the read and diffracted beams
in order to obtain a polarization selectivity for the diffracted

101

Ah (10" cem™®)
'S

of signal®
0 20 40 60 80 100 0 2 4 6 8 10
Time (ps ) Time (ns) IV. EXPERIMENTAL RESULTS AND DISCUSSION
6 g T T T T 6 T T T T T
The intensityl, diffracted by our setup is given By
5 Num. 5
---------- Anal. 7AnL
4 g Al ID=TIRsin2< . ) (27
£ § 3¢ wherel y is the read intensity andn is the refractive index
< ol x change induced by the interfering write beams. In our experi-
W u 2r r:nentAn also depends on the polarization directi@sand
' ] 4L ep of the read and diffracted beams, respectively, and is
ol given by
or 3
Sl . . . . . . . . . . . ~ ~ an . . Ng . — A
0 20 40 60 80 100 0 2 4 6 8 10 An:eD’AD'eR:_h(eD'eR)Ah_?(eD'L'AE'eR)AEv
Time ( ps ) Time ( ns ) d - 28

FIG. 6. Temporal relaxation of the {laand (@) hole and (b)
and (b) space charge field modulations after a 10-ns square writ
pulse. (@ and (k) and (3) and () correspond to 2.9im and ] . = )
20-um grating wavelengths, respectively. Hole and space chargé E |s/\the unit vector of the space charge f'eld‘_E(
field modulation are plotted in logarithmic scales in order to show=AEA E). The contribution due to the hole density

the exponential relaxation. [(dn/ah)(ep-er)Ah] is in fact about 10 times larger than
o ) ) that related to the space charge fidld; can therefore be
the remaining losses being due to reflection losses on thgaasured alon@within 1% precisiop without any polarizer.
uncoated faces of the crystal. Pulse duration was around 1f},o space charge field contribution was measured with a
ns and its fluence on the 3-mm-diam spot was varied Up Wjffracted polarization orthogonal to the read one, which
3.4 mJ/cnf without any optical damage. . eliminates the strong hole contribution. In order to simplify
The two write beams were sent symmetrically onto theye fitting procedure and therefore gain reliability, the experi-
sample at an incidence anglg, ranging from 1.1° 10 6.7°,  ment was performed at relatively low excitation so that
which allowed the generation of gratings with a wavelength, 55 proportional ta\h? without any polarizer and ta E2
A=\w/2 sin @y ranging from 18 to 2.9um. The read beam fqr crossed read and diffracted polarizations. Due to the low
was delivered by a cw laser diode operating Xk  excitation level, we had to use write pulses with the same
=830 nm and set at the Bragg anglg given by sinfk  energy m=1), which allowed us to follow the diffracted
=(Ar/Aw)sin 6. Due to the Bragg regime only one strong jntensity over a sufficiently long time for a precise measure-
ment of the time constants. This situation did not correspond

where dn/gdh is the derivative of the refractive index with
?espect to the hole density,is the electro-optic tensor, and

Write to the perturbative solution of the population dynamics pre-
[Zyszr sented in Sec. Il B. However, under our approximation of
CdMnTe equal relative densitiesAh/hg=Ap/py=Ar/ry=Ac/cy),

we immediately see from E@18) that the time evolution of
__________ o e the hole density modulation is linear iakh andm, so that

' only the first order can exist in the Fourier development of
Ah. The perturbative solution for hole modulation amplitude
is therefore also valid fom~1. This is not the case for the

Read Laser Detector space charge field modulation, given by a differential equa-
tion that is nonlinear with respect to populatiojsee Eq.
Scope (19)]. A more refined calculation is then required following,

for instance, the procedure of Ref. 10 used in the case of
FIG. 7. Experimental setup. photorefractive materials.
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o . . 2 7 2
and (b) logarithmic scales obtained with faand () A=4 um 1/X (10" em™)
and (h) and (B) A=18 um. 7/2 is the relaxation time of the

diffracted intensity. FIG. 9. Relaxation rate of the optically encoded diffraction grat-

ings as a function of the squared grating frequency. The inset shows
a magnification of the curve for small~2 in order to determine the

The time evolution of the total diffracted intensitwith-  €lectron-hole recombination time.

out polarizey was measured for different values of the grat-
ing wavelengths. Figures 8faand 8(a) and Figs. 8 (b read laser power and/or a longer crystal would be necessary
and 8(k) show results obtained fok =4 and 18um, re-  for this purpose, especially if a direct comparison with the-
spectively. The measured signals and their natural logarithm@retical results is wanted.
are plotted in Figs. 8¢ and 8(k) and Figs. 8(g and 8
(by), respectively. As seen from Figs. §fand 8(B), the
decay is exponential over a wide randeur and two time
constants in Figs. 8¢a and 8(B), respectively, thus pro- Carrier diffusion in C¢_,Mn,Te has been investigated
viding precise measurements of the relaxation times. Figurpoth theoretically and experimentally by the grating tech-
9 shows the inverse relaxation times of the index grating 1/ nique. Due to the efficient trapping of electrons, most prob-
plotted as a function ok ~2. Although hole recombinationis ably on manganese sites, the effective electron mobilities is
not exponential in our moddkee Eq.(9)], we consider it strongly reduced as well as electron-hole recombination.
exponential for a very short time, right at its beginning, Moreover, generation of a space charge field of the order of
which is always possible. This approximation enables us tgeveral kv/m was predicted. A simple analytical solution to
write 1/7 as a sum of a recombination term and a diffusionthe coupled differential equations expressing population dy-
term namics, charge continuity, and Poisson’s law was found to
be in excellent agreement with numerical calculations for a
1 1 1 1 pakgTK? large range of durations of the write pulgé®m 100 ps to 1
T T T T e (29 4g). Using published values of the relaxation constants, a
e 0 reduction of electron mobility by a factor of 6000 was cal-
culated. Calculations were compared with experimental re-
sults obtained by reading, with a cw laser diode, gratings
encoded in the SMSC's by two interfering nanosecond laser
pulses. From the measurement of the time evolution of the
diffracted signal for different grating wavelengths, a recom-
bination lifetime of 18us was measured and found to be in
i of the relaxation rate arouri{~0 (see the inset of 20 SECINEEL U FRAR BECICE0 o B ST
Fig. 9 allows the determination of the hole lifetimen( o e5n0nds to an intrinsic mobility of about 3400%hs
=18 us) with a precision of around 20%, provided we usedfor free electrons in CghMng sTe. This value is somewhat
for u, the value determined for large wave vectors. Thishigher than that measured in Cd'E100 cnf/V s (Ref. 1)].
value of Th, is in good agreement with the initial hole life- The ambipolar mobility obtained in GgMn, ;Te is there-
time calculated numerically with no adjustable parametergore about 100 times smaller than in pure CdTe, which could
(Téo: 20 us). make fthis _efficient.materi%lpotgntia}lly intergsting for paral-
Concerning the time evolution of the space charge field!el optical information processing in the microsecond range.

experiments were performed with crossed diffracted and read

V. CONCLUSION

0

From the slopea of the experimental curve, we deduce the
ambipolar mobility in our samplg.,=0.54 cn?/V s. As this
value is much smaller than the intrinsic hole mobility, we
have w,~ s, which corresponds to an intrinsic mobility
te=ihgl2co=3375 cnt/V's, a value that is somewhat
higher than that measured in CdTeJ= 1100 cni/V s).!

polarizations, although the corresponding results cannot be ACKNOWLEDGMENT
directly compared with those obtained theoretically with the
high contrast valuei~1) of the light grating. Unfortu- The authors acknowledge Dr. R. Triboulet for providing

nately, the signal to noise ratio obtained in these experimentie high-quality C¢_,Mn,Te sample used in the experi-
was not good enough to provide exploitable results. A highements.
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