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Ener gy up-conversion in chro mium and iron dop ed Zn Se results in the
app earance of an anti- Stokes lumines cence. T he pro cessis e£cient in ZnSe:Cr ,
but not in ZnSe: Fe. W e conclude that very e£cient three- center A uger pro-
cessesin ZnSe: Fe quench the anti- Stokes luminesce nce emission. For chromium

dop ed samples inÛuence of the A uger mechanism is w eaker, w hich w e explai n
by less e£cient carrier retrapping by C r ions. W e further discuss possibil ity
of e£cient pumping of inf rared C r-related emissions via C r photoioni zatio n
transition.

PACS numb ers: 71.55.Gs, 78.55.Et, 76.30.Fc

1. I n t rod uct io n

D i£ cul ti es in achievi ng e£ cient sti mul ated emission at short wavel engths
m oti vated an intensi ve research in thi s Ùeld. At present GaN-based structures are
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used for bl ue-vi olet laser diodes. Earl ier, up-conversi on m ateri als were considered
as a possibl e al terna ti ve soluti on. In these materi als bl ue or vi olet emission is
obta ined under opti cal pum ping wi th l ight sources of a lower energy, pref erably
wi th a red color GaAs-based laser di odes, i f we want to construct com pact l ight
emi tti ng devi ces. The so-obta ined up-converted emission is often referred to as an
anti -Stokes lum inescence (ASL). Energ y up- conversi on should be e£ cient at room
tem perature. Mo reover, the so-obta ined short wavel ength emission shoul d have
power of not less tha n a few mW, to be of any practi cal use. The latter m eans
tha t e£ ci ency of l ight conversi on shoul d be of at least few ti m es 1 0 À 3 , consideri ng
tha t for pra cti cal appl icati ons ASL shoul d be pum ped wi th a laser diode.

W e achieved the requi red e£ ciency for chro mium doped ZnSe [1]. Ho wever,
the ASL in ZnSe:Cr is e£ ci ent only at low tem peratures and we obta ined the
requi red e£ ciency only when pum pi ng wi th a green l ine (514.25 nm ) of an argon
laser. The latter is due to an unf avo rable locati on of the Cr + charge state in
ZnSe band gap. The ASL was exci ted by two -step ioni zati on tra nsiti ons vi a Cr +

charge state of chrom ium . Fi rst photo n (of the energy above 2.0 eV) popul ates
thi s state, generati ng free holes in the valence band. The second photo n (of the
sam e energy) photo ionizes Cr + state, induci ng free electrons in the conducti on
band, i .e., both f ree electro ns and f ree holes are photo generated, whi ch, i f tra pp ed
by shal low centers, can parti cipate in the anti -Stokes emission.

Pra cti cal ly any impuri t y, whi ch intro duces a band gap state, should be acti ve
in the ASL pro cesses. In thi s work we di scuss properti es of ASL emission in iron
doped ZnSe. Thi s im puri ty intro duces a m id gap level in ZnSe. Photo ionizati on
energy is opti m ized for a two- photon opti cal pum ping wi th a red color GaAs-based
laser diodes.

Co nsidering tha t Cr and Fe show sim ilar photo ioni zati on rates, we expected
sim i lar e£ ci encies of the ASL pro cessesin ZnSe. Unf ortuna tel y, we found tha t the
ASL process in ZnSe:Fe is very ine£ cient, whi ch we expl ain by a very e£ cient
Aug er- typ e energy tra nsfer from the ASL acti ve centers to i ro¥ centers.

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

In Fi g. 1 we com pare the ASL spectra observed in chro m ium and i ron doped
ZnSe. The spectra were recorded under opti m al condi ti ons for the anti -Sto kes
exci ta ti on. In ZnSe:Cr the ASL is due to shal low donor{ shal low accepto r pai r
(D AP) tra nsiti ons [1]. Ori gin of the ASL in ZnSe:Fe is not clear. Thi s emission is
to o weak to get any concl usive identi Ùcati on. From i ts spectra l positi on we assume
tha t thi s emission is of identi cal ori gin as the ASL in ZnSe:Cr.

W hereas in ZnSe:Cr the ASL is relati vely bri ght, the one whi ch we observe
for ZnSe:Fe is surpri sing ly weak. Its e£ ci ency is by f ar to o low to be of any pra c-
ti cal interest. Esti m ated by us quantum e£ ciency of the energy up-conversion
in ZnSe:Fe is about 1 0 À 5 , i .e., i t is by tw o orders in m agni tude to o low for any
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Fig. 1. Band edge part of the photolumin escence in ZnSe: Cr and ZnSe: Fe measured at

liqui d helium temp erature under the anti- Stokes excitation .

pra cti cal appl icati ons. Thi s was a very puzzl ing observati on, since we expected
tha t e£ ciency of the ASL in Cr or Fe doped ZnSe is simi lar, since the opti cal
cro ss-secti ons for ioni zati on tra nsiti ons of Cr and Fe are qui te sim i lar. W e per-
form ed several experim ents to expl a in thi s puzzl ing observati on.

Fi rst we measured exci ta ti on dependence of the ASL e£ ciency. W hereas in
ZnSe:Cr the ASL shows a linear dependence on exci ta ti on intensi ty , i t shows a
quadra ti c dependence in the case of an undo ped ZnSe and also ZnSe:Fe, as is
shown in Fi g. 2. A l inear dependence of the ASL intensi ty can be observed i f a
photo popul ated band gap level is m etastable [1]. In fact, the photo exci ted Cr +

charge state is m etastable at low tem peratures, as we observed in the electron
spi n resonance (ESR ) investi gatio ns. Onl y f or the ZnSe sam ples annealed in zinc
vapors Cr + recom binati on wi th free holes is to o e£ cient to observe the metastable
Cr + ESR signal . Annea l ing in zinc reduces concentra ti on of accepto rs centers due
to zinc vacanci es, i .e., reduces concentra ti on of tra p levels of free holes, whi ch
increases rate of retra ppi ng of free holes by Cr + centers.

Fig. 2. Excitation p ower dependence of the shallow donor {shall ow acceptor pair emis-

sion in undop ed ZnSe, and in Cr doped samples. In the latter case the DA P emission

w as excited at the A SL conditio ns.
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Our photo -ESR investigati ons indi cate tha t the photo exci ted Fe3 + charge
state decays fast even at l iqui d hel ium tem perature. Thi s we observed earl ier for
ZnS:Fe and expl ained by a hi gh e£ ciency of the so-cal led bypa ssing pro cess [2, 3].
By bypa ssing pro cess we m ean here e£ cient retra ppi ng of free electrons and holes
by Fe centers. W e propose tha t thi s pro cess also expl ains why the ASL is weak in
ZnSe:Fe. If photo generated free carri ers are retra pped by Fe centers, they are not
tra pped by shal low donor and acceptor centers, whi ch are acti ve in the ASL.

If even a smal l part of f ree carri ers is tra pped at shal low donor and acceptor
centers in ZnSe:Fe, the ASL shoul d be observed and should show a simi lar PL
decay ti m e, as the one in Cr- doped sam ples, or as a shal low D AP emission in an
undo ped ZnSe. Thi s is not the case, as we show in Fi g. 3, in whi ch we com pare
the PL/ ASL decay spectra observed for undo ped ZnSe (PL), and for the ASL
in ZnSe:Cr and ZnSe:Fe. The latter two decay spectra were m easured under the
condi ti ons opti m ized for the anti -Stokes exci tati on. The shortest decay is observed
for ZnSe:Fe. Thus, the ASL in ZnSe:Fe is not onl y very weak, but also shows a
very di ˜erent PL ki neti cs.

Fig. 3. PL kinetics of the A SL emission in ZnSe:C r and ZnSe: Fe, as compared to the

PL decay of shallow DA P emission in undop ed ZnSe observed under the above band

gap excitation.

The di ˜erence indi cates tha t in ZnSe:Fe the ASL is quenched by som e very
e£ cient process of a nonra diati ve recom bi natio n. Possible expl anati on com esf rom
the photo -ESR study . W e observed tha t Fe3 + charge state is photo induced under
i l lum inati on, whi ch ioni zesdeep ZnSe acceptors, i .e., in the process generati ng free
electrons. Part of electro ns is tra pp ed by shal low donors acti ve in D AP emission,
rest by Fe3 + centers. Thus, such i l lum inati on should rather quench Fe3 + ESR sig-
nal . Surpri sing ly Fe3 + ESR signal is photo exci ted. W e observed simi lar condi ti ons
of the Fe3 + exci ta ti on in ZnS:Fe and expl ained by the Aug er- typ e energy tra nsfer
from photo excited D APs to Fecenters [2]. The pro cessis of Aug er- typ e, since Fe is
ioni zed due to the tra nsfer from D APs. The process is referred to as three centers
(do nor, accepto r, and Fe) Aug er pro cess [2{ 4].
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Based on the present study we claim tha t the di ˜erence between the ASL
ki neti cs in Cr and Fedoped ZnSe relates to di ˜erences in e£ ciency of three centers
Aug er pro cesses. Form ally Aug er-typ e energy tra nsfer shoul d be equal ly e£ cient
in these two cases, since the e£ ciency of the tra nsfer is proporti onal to a spectra l
overl ap of D AP emission and Fe or Cr ioni zati on. Thi s spectra l overl ap is fai rl y
sim i lar for Fe and Cr doped ZnSe.

T o expl ain the di ˜erence, we Ùrst checked i f the Aug er process is acti ve in
ZnSe:Cr. Tha t was not sim ple, since for Cr doped sam ples ESR exp eriments are
not concl usive. Photo exci ta ti on, whi ch ionizes deep acceptors and generates free
electrons in the conducti on band, can exci te Cr + due to tra ppi ng of electrons by
Cr 2 + or by Aug er- typ e tra nsfer, whi ch ionizes Cr 2 + . In both casesCr + i s detecte d
in the photo -ESR study .

T o clear thi s point we pro posed the fol lowing opti cal ly detected m agneti c
resonance (OD MR ) exp eriment. In the OD MR experim ent we set detecti on at
one of the two Cr 2 + intra shell inf rared emissions (wi th maxi m a at 0 : 9 5 ñ m and
2 : 4 7 ñ m ) and studi ed at whi ch m agneti c resonance condi ti ons these emissions are
enhanced. The idea of the experim ent wa s sim ple. If Aug er pro cesses are e£ cient,
any process, whi ch enhances D AP recom binati on, should also increase rate of Cr
ioni zati on. Part of photo excited Cr + centers retra ps free holes, whi ch as we found
from PL exp eriments, induces intra shell tra nsi ti ons of chro m ium 2+.

R esults of the OD MR study are shown in Fi g. 4. Three m agneti c resonance
signals are detecte d. The m ost pro nounced one, wi th g -facto r of about 1.1, is due
to magneti c resonance at shal low donors in ZnSe. W e relate two other signals to
m agneti c resonances of acceptor centers. Al l signals are observed as an increase in
the intensi ty of the Cr 2 + infrared emissions.

Fig. 4. 60 GH z OD M R spectrum detected via an increase in the intensity of the

C r- related near- inf rared PL emission .

As expl ained, detecti on of donor and accepto r resonance signals vi a Cr in-
tra shell emissions indi cates tha t energy tra nsfer f rom D AP to Cr m ust be e£ cient.
The mechanism expl aining the present OD MR results is the fol lowi ng: by Ûipping
a spin of either donor or accepto r we enhance D AP recom binati on. DAPs can de-
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cay either radi ati vely or nonradiati vel y, the latter m ost l ikely vi a an Aug er- typ e
energy tra nsfer to Cr ions, as suggested by a magnitude of a spectra l overl ap
between D AP emission and Cr ionizati on tra nsiti ons.

OD MR thus conÙrms tha t the Aug er process is also acti ve in ZnSe:Cr. Com -
pari son of spectra l overl aps suggests sim i lar e£ ciency of the pro cess in ZnSe:Fe
and ZnSe:Cr. Contra ry, the PL investi gatio ns indi cate tha t the pro cess cannot be
e£ cient in ZnSe:Cr, since the ASL in ZnSe:Cr is fai rl y bri ght.

Thi s contra di cti on can be expl ained assuming tha t free holes, whi ch are
created in the valence band under the 2+ to 1+ chrom ium ioni zati on, are e£ -
ci entl y retra pped by acceptors acti ve in the ASL, as is shown in Fi g. 5. Then, the
Aug er- typ e energy tra nsfer wi l l onl y recycl e carri ers (tra ppi ng | D AP decay |
Cr ioni zati on/ neutra l izati on | carri er retra pping, and so on) and thus wi l l onl y
delay the ASL decay, as is in fact observed in the PL ki neti cs. Onl y i f free carri ers
are retra pped by tra nsiti on metal (TM) ions, the D AP emission is quenched. Sim -
pl e m odel calcul ati ons indi cate tha t quenchi ng of the PL intensi ty should then be
observed to gether wi th a shorteni ng of the PL decay ti m e § . The latter e˜ect is
described by

§ À 1 = ÙD A P + ÛT C A R N T M ;

where Ù DA P i s DAP recom bi natio n rate, ÛT C A R is the Aug er pro cess rate and N T M

i s concentra ti on of TM impuri t y.

Fig. 5. Mo del of the A uger typ e energy transf er pro cesses in ZnSe:C r and ZnSe: Fe. T he

inÛuence of the pro cess on the shallow DA P emission depends on a rate of retrapping

of photoioni zed free carriers by shallow centers active in the DA P transition s.

At increased tem peratures shal low donor and acceptor centers acti ve in the
ASL are no longer e£ ci ent tra p centers. Ca rri ers can be therm al ly ionized f rom
these centers back to the bands, before radiati ve or nonra diati ve recom binati on
can occur. Then the rate of thei r recom binati on vi a TM ions increa ses. In the
consequence, DAP- to -TM energy tra nsfer can now m ore e£ cientl y quench the
ASL.
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Im porta nt consequence of the latter is tha t recom binati on of free carri ers
vi a Cr 2 + intra shell tra nsi ti ons becom esenhanced at increased tem peratures. Then
the Cr 2 + intra shell emissions are e£ cientl y pum ped under the Cr pho toioni zati on.
Thi s observati on can have im porta nt consequences for opti m izatio n of a tuna ble
laser emission of ZnSe:Cr under opti cal pum pi ng [5{ 9].

3 . Co n cl usion s

Fe and Cr show very di ˜erent carri er tra ppi ng rates in ZnSe. In the conse-
quence, Cr doped sam ples can be used as a nonl inear materi al showi ng e£ cient
energy up- conversi on, wherea s in Fe doped sam pl es the ASL is weak. Di ˜erences
in tra ppi ng rates result in very di ˜erent e£ ciency of the Aug er- typ e nonra diati ve
pro cesses in ZnSe:Cr and ZnSe:Fe.
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