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Role of deep i mpuri t y levels in carrier generation , transp ort, and re-

com bination w ere investigated in bul k ZnSe:C r and ZnT e:V :A l crystals by
four- w ave mi xing tec hni que. T he temp oral and exp osure dep endencies of op-
tical nonlin eari ties in ZnSe: Cr evidenced an in Ûuence of C r 1 + /C r2+ states

in carrier generation, exhibited very fast carrier relaxation , and revealed the
presence of comp eting recombination mechanisms. Similar investigations in
ZnT e:V :A l show ed an e˜ective carrier generation from A l-induced defect
complexes as w ell as very fast carrier capture by Zn-vacancies.

PACS numb ers: 73.50.Gr, 81.70.Fy , 61.72.H h, 61.72.J i

1. I n t rod uct io n

T ransiti on m etal ions doped I I{ VI semiconducto rs rem ain very attra cti ve
m ateri als f or appl icati ons in adv anced opto electroni c devi ces l ike IR and vi sible
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sol id state lasers, tera hertz- band radi ati on detecto rs, and photo refracti ve cells.
D efect engineering of these m ateri als requests new experim enta l approaches for
studi es of a ro le of deep im puri ties in carri er generati on, tra nsport, and recom bi-
nati on. In recent years, ti m e-resolved picosecond four- wave m ixing (FW M) tech-
ni que has been used intensi vely for studi es of carri er dyna m ics in bul k crysta ls
and hetero struc tures [1{ 3]. An advantage of thi s techni que, based on a detecti on
of light- induced di ˜ra cti on on nonequi l ibri um carri er grati ng, is a sim ple relati on-
shi p between the nonl inear opti cal pro perti es and photo electri c parameters of a
semiconducto r [4]. Previ ous studi es of carri er tra nsport in deep vanadium doped
Cd ZnT e compounds [5{ 7] and semi-insul ating GaAs [8, 9] al lowed m oni to ri ng of
an electri cal acti vi ty of defects, thei r tra nsform ati on under il lum ina ti on, and con-
tri buti on to carri er tra nsport.

In thi s work, the investigati on of nonequi l ibri um carri er dyna m ics in deep-
- impuri t y doped ZnSe and ZnT e crysta ls is reported. By measuri ng the tempora l
and exposure characteri sti cs (EC) of l ight di ˜ra cti on on free carri er (FC) grati ng,
the m echanism s of carri er generati on and relaxati on are analyzed, and a ro le of
deep im puri ti es and intri nsic defects is discussed.

2. Sam p les an d t ech ni que

Two semi-insul ating bul k crysta ls, ZnSe:Cr and ZnT e:V: Al , were character-
ized by FW M techni que. ZnSe:Cr crysta ls were obta ined by physi cal vapor tra ns-
port (PVT) m etho d using D avydo v{ Ma rko v pro cedure [10]. The Cr wa s doped
at di ˜erent density (f rom 5 È 1 0 1 8 to 5 È 1 0 1 9 at/ cm 3 ) wi th the subsequent an-
neal ing. ZnT e:V: Al wi th vanadium concentra ti on of 1 : 7 È 1 0 1 7 at/ cm 3 was grown
by tra veling heater m etho d under excess tel luri um and codoped by alum inum
(N A l = 1:5 È 1019 at =cm 3) in order to modi fy the charge of deep im puri ty [11].

The nonequi l ibri um carri ers were created in the crysta ls wi th E g = 2:26 eV
(ZnT e) or 2.83 eV (ZnSe) using l ight interf erence pattern I = I 0 [ 1 + cos ( 2 ¤ x ) =Ê ]

Fig. 1. Optical schemes for transient grating (T G) experiments: (a) volume gratings

( h c = Ñp u m p < E ) w ith prob e matched to the Bragg angle for (dashed

line) and 2 (dotted line) cases and (b) surf ace gratings ( ).
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of two 25 ps laser pul ses. W e use two wa velengths for carri er photo exci ta ti on
thus enabl ing deep-impuri ty assisted carri er generati on (by quantum energy of
h ¡ = 1 :1 7 eV in ZnT e or by 2.34 eV in ZnSe) or interba nd carri er generati on in
ZnSe by h¡ = 3 : 5 1 eV. In al l cases, the l ight induced spati al m odul ati on of carri er
density N = N 0 + Â N cos( 2 ¤ x =Ê ) wa s m oni to red by l ight di ˜ra cti on of a delayed
pro be beam at 1064 nm [3, 4, 12]. The corresp ondi ng opti cal setups are i l lustra ted
schemati cal ly in Fi g. 1.

3. R esul t s an d d iscu ssio n

3.1. ZnSe:Cr

At excita ti on of ZnSe:Cr crysta ls by light interf erence Ùeld wi th quantum
energy h¡ = 2 : 3 4 eV, we observed the fast and slow decay com ponents in l ight
di ˜ra cti on (grati ng decay ki neti cs for the sam ple wi th hi gher Cr concentra ti on
are shown in Fi g. 2a). Nearl y 5 ti m es hi gher di ˜ra cti on e£ ciency for the sampl e
wi th hi gher Cr concentra ti on conÙrmed a contri buti on of Cr impuri t y to interba nd
carri er generati on. Assum ing a presence of two charge states of Cr (i .e. Cr 1 + at
1.24 eV and Cr 2 + at 2.2 eV below the conducti on band (CB)) and tha t the Cr 1 +

app ears only at photo exci ta ti on [13, 14], onl y two- step tra nsiti ons m ay ta ke part
in carri er generati on at exci ta ti on by 532 nm wavel ength. The Ùrst step is Cr 1 +

photo generati on, and the second is i ts photo exci ta ti on, i .e. Cr 2 +
+ h¡ ) Cr 1 +

+ h V B

and Cr 1 +
+ h¡ ) Cr 2 +

+ e CB . In thi s way, Cr- assisted two -step tra nsi ti ons take
pl ace and pro duce an e{h pai r.

Very fast relaxati on of the conducti on electrons duri ng the acti on of 25 ps
dura ti on laser pul se was observed due to qui te large capture cro ss-section of Cr 2 +

(see Fi g. 2a). Mo reover, a presence of long relaxati on ta i ls in the sampl e wi th
hi gher concentra ti on of Cr impuri t y (N C r = 5 È 1019 cmÀ 3, Fi g. 2) points to the
subsequent step in carri er relaxa ti on, probabl y related to nonra diati ve recom bina-
ti on. Assum ing tha t other autho rs have reported an e£ cient decrease in photo lu-
m inescence and increa sed Aug er recom binati on in sam pl es wi th Cr doping above
1 0 1 9 cm À 3 [15], we attri bute the observed relaxati on ta i l either to generati on of
an addi ti onal ho le density vi a the Aug er recom binatio n, or to a local latti ce heat-
ing due to fast nonradi ati ve recom binati on (the latter m echanism m ay ta ke pl ace
due to very hi gh therm al lensing param eter 7 È 1 0 À 5 / K [14]). Further studi es are
requi red to determ ine the sign of the ref racti ve index m odul atio n at delay ti m es
Â t > 2 0 0 ps. At the given stage of studi es, we give pref erence to the mechanism
of tem perature grati ng form ati on whi ch is in opposite phase wi th respect to the
free carri er grati ng. The opp osite sign of refracti ve index m odul atio ns may lead
to a dip in di ˜ra cti on [16] i f these two m echanism s are of equal streng th. A weak
signature of thi s competi ti on is seen in Fi g. 2a as the dip at Â t ¤ 1 0 0 ps. On the
other hand, occupati on of the m etastable Cr states may also resul t in form ati on
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Fig. 2. K inetics of FC grating decay (a) and exposure characteristics of di˜ractio n

e£ciency (b) measured in ZnSe: Cr ( N C r = 5 È 101 9 cm À 3 ) by using 534 nm w avelength

light for the grating recording. Numb ers in the brackets indicate the characteristic EC

slop es.

of an ampl itude grati ng and i ts very slow relaxa ti on, as i t was detected by FW M
in GaAs:EL2 [17].

The assumpti on of f ast nonl inear carri er recom binati on in ZnSe:Cr is also
supp orted by the exposure characteri stics of FC di ˜ra cti on e£ ci ency (Fi g. 2b).
In case of the two-step interba nd tra nsiti ons, the power index of the dependence
² / I Û woul d be equal to 4 (as ² / Â N 2 and Â N / I 2 [7]). The strong and fast
nonl inear recom binati on may dim ini sh the carri er generati on rate [3]. In the given
case, the slope value Û = 1 : 7 points to carri er recombi natio n m echanism of higher
order tha n the quadra ti c. In addi ti on, the exp osure characteri sti c of the slow de-
cay component (EC at Â t = 1 5 0 0 ps, Fi g. 2b) indi cates i ts subl inear increase
wi th exci ta ti on. Theref ore, the assumpti on of two competi ng carri er recom bina-
ti on m echanisms is requi red. The hyp othesi s wi l l be f urther analyzed on basis of
num erical m odel ing of nonequi l ibri um carri er dyna mics and related exp erimenta l
studi es of di ˜ra cti on, using the tuna bl e wa velengths of a parametri c pi cosecond
laser.

At interba nd carri er exci ta ti on of ZnSe:Cr (h¡ = 3 : 5 1 eV) due to high car-
ri er density we managed to Ùll parti al ly the f ast Cr 2 + tra ps and observed longer
relaxa ti on processesin di ˜ra cti on ki neti cs (Fi g. 3a): in addi ti on to the fast com -
ponent, the slower one appears wi th ¤ 1 2 0 ps relaxati on ti m e. Measurem ents at
vari ous grati ng periods al lowed us to determ ine the carri er l i feti m e of 170 ps and
the bi polar di ˜usi on coe£ cient D = 5 : 7 cm =s (Fi g. 3b). The D value is rel ati vel y
large, i f one assumes the carri er scatteri ng by the ioni zed Cr impuri t y. On the other
hand, the high m obi li ty indi cates the low electri cal acti vi ty of Cr for thi s parti cu-
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Fig. 3. Surf ace grating decay kinetics (a) and 1 =§ G / 1 =Ê 2 dep endence (b) measured

in ZnSe:C r ( N C r = 5 10 cm 3 ) by using 355 nm w avelength light for the grating

recording.

lar sampl e. Non-m onotonous decay of di ˜ra cti on e£ ciency of the surface grati ng
recorded in 1 ñ m thi ck surface layer (Fi g. 3a) requi res deeper analysis based on
num erical modeling in order to reveal the contri buti on of carri er recom binatio n on
the surface as wel l as nonl inear recom binatio n in the bul k.

3.2. ZnT e:V :Al

In Fi g. 4a, free carri er grati ng decay ki neti cs in ZnT e:V: Al are shown as
a functi on of the probe delay ti m e. The ki neti cs revealed fast tra nsients at low
exci ta ti ons and slow rel axati on tai ls. At higher excita ti ons, the am pl i tude of fast
component started to satura te. The fast tra nsients in photo carri er dyna m ics are
typi cal ly due to the presence of vacanci eswhi ch create the acceptor- typ e states [5],
thus the e˜ect was attri buted to Zn- vacanci es in ZnT e:V: Al . W e estim ated the fast
tra p density Â N = Â N from the satura ti on thresho ld of about 2 1 0 m
usi ng the m easured values of probe beam di ˜ra cti on e£ ciency ² = ( ¤ n Â N d =Ñ) ,
where n 2:0 10 cm is the refracti ve-index change per carri er pai r density ,
calculated accordi ng to the Drude m odel [4].

Exp osure characteri stics of di ˜ra cti on e£ ciency shown in Fi g. 4b di sclosed
not only e˜ecti ve carri er recom binatio n to the tra p but also revealed sensiti vel y
the com peti ti on of one-photo n and two- photo n carri er generati on m echanisms:
at excita ti ons below 2 mJ/ cm and Â t = 0 ps, the slope of EC is equal to 1.7
pointi ng to case of one-pho ton-assisted carri er generati on (Û = 2 ) and sim ul ta neous
recombi nati on (Û < 2 ). The slope coe£ ci ent increases gradual ly wi th exci ta ti on
up to Û = 4 as two-photo n carri er generati on becomes dom inant. The presence of
nearl y linear carri er generati on channel at low exci ta ti ons leads to the concl usion
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Fig. 4. Characteristics of light di˜raction in ZnT e:V :A l at Ê = 2: 7 ñ m: (a) grating ki-

netics at various excitation energies and (b) dependenci es of di˜racti on e£ciency show n

for di˜erent delay times of the prob e b eam. N umb ers in the brackets indicate the char-

acteristic EC slop es.

tha t Al gives ri se to some defect com plexes wi th acti vati on energy below 1.17 eV
since the vanadi um in ZnT e does not contri bute to the electron pho togenerati on
to CB at h¡ = 1 : 1 7 eV. The e˜ect of sim i lar ori gin was observed in Cl (shal low
donor) codoped CdT e:V crysta ls [5].

4 . Co n cl usion s

R ole of deep impuri ti es in photo electri cal pro perti es of bul k ZnSe:Cr and
ZnT e:V: Al crysta ls were inv estigated by ti me resolved four- wa vem ixi ng techni que.
Cr- assisted interba nd carri er generati on and thei r e£ cient capture by Cr 2 + states
were observed. Co ntri buti on of the addi ti onal recom binatio n channel was sug-
gested after analysis of slow decay com ponents. In Al codoped ZnT e:V crysta ls,
the fast tra nsients in FC ki neti cs were attri buted to sim ul ta neous carri er gen-
erati on from the codoping-induced defect com plexes and the subsequent carri er
capture by Zn- vacancies.
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