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W e dem onstr ate that Zn Se:C r is an excellent solid state laser material
for mid -inf rared region w ith a broad am pli Ùcation band from 2.2 ñ m to

3 ñ m , and with a high quantum e£cienc y of a radiati ve recombination. 46%
external total e£ciency and 56 mW threshold power w ere achieved, when
pump ed w ith a C W YA l O:H o laser at resonant excitation conditions. Such
laser system can have w idespread applica tion s in medicine as laser scalp els

w ith regulated cutting depth. W e further demonstrate a stimulated emission
under C r 2+ to 1+ photo- ioni zati on pumping. T he latter opens chances for
laser emission under carrier in j ection conditions.

PACS numb ers: 42.55.Px, 42.55.Rz, 42.62.Be, 78.55.Et

1. I n t rod uct io n

La ser surgery, intro duced in earl y 1960s, uses a preci sely focused beam
of l ight to rem ove or vapori ze ti ssue and contro l bl eeding in a wi de variety of
non- invasive and m ini mal ly invasive pro cedures [1]. The three typ es of lasers are
m ost com monly used in medical trea tm ent. These are carbon dioxide (C O2 ) laser,
used pri mari ly as a surgical laser (l aser scalpel), Nd :YA G laser, whi ch is capabl e of

(553)



554 V.Yu. I vanov et al.

penetra ti ng ti ssue m ore deeply tha n other lasers, and argon laser, used pri mari ly
in eye surgery, but also in photo dyna mic thera py.

There are several advantages of laser surgery. Mo st im porta ntly , laser surgery
pro cedures usual ly lessbl eeding tha n conventi onal surgery and reduces the risk of
inf ection. Seal ing o˜ bl ood vessels and nerves reduces bl eeding and the length of
the recovery period [1]. There are however some lim ita ti ons of presentl y used lasers.
They do not al low the contro l of cutti ng depth, whi ch in some cases is cri ti cal .
The latter l imi ta tio n can be rem oved by intro duci ng a tuna bl e laser in a spectra l
reg ion of an exponenti al change of water absorpti on (hum an body consists mostl y
of wa ter). Thi s expl ains the search f or tuna bl e laser sources in 2{ 4 microm eters
spectra l range, as expl ained in Fi g. 1, showi ng an absorpti on spectrum of water.

Fig. 1. W ater absorption spectrum in mid- inf rared spectral region together w ith C r 2 +

intra- shell emission due to 5
E to 5

T 2 emission observed in ZnSe: Cr.

Chro m ium doped I I{ VI semiconducto rs are attra cti ve system s f or such ap-
pl icati on. Two infrared emissions, wi th a m axi mum at about 0.95 ñ m and 2.4 ñ m,
are observed for Cr 2 + intra -shell tra nsiti ons. 2.4 ñ m emission is relati vel y broad,
whi ch can result in opti cal ly pum ped and tuna ble laser emission wi th wa velength
of emission being suita ble for appl icati on as a surgery laser, as indi cated in Fi g. 1.
Fi gure 1 shows tha t Cr 2 + 5 E to 5T 2 intra -shell emission overl aps the spectra l re-
gion of a stro ng water absorpti on, maki ng possible a selecti on of an appro pri ate
cutti ng depth, by selecting emission at a given wa ter absorpti on rate.

Fol lowi ng thi s idea, a m id- inf rared lasing acti on at about 2.5 ñ m was achi eved
for several wi de band gap I I{ VI semiconducto rs doped wi th chro mium [2{ 7]. At
present, ZnSe is the m ost pro mising host materi al for such m id- inf rared laser. For
ZnSe:Cr pul sed and also conti nuous-wave laser emissions under opti cal pum pi ng
were achi eved wi th a power of emi tted l ight above 1 W . Thi s opens a wi de range
of possibl e appl icati ons for thi s new mid- inf rared laser system .
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In thi s work we demonstra te a very e£ cient Cr 2 + sti mul ated emission upon
opti cal pum ping using either di rect exci ta ti on or indi rect one related to 2+ to 1+
chro m ium photo -ioni zati on.

2. M at er i al r el at ed pr oblem s

D espite several encouraging reports, Cr- related m id- infra red lasers were not
comm ercial ized yet. Thi s wa s due to probl ems related to a growth of su£ cientl y
good qual i ty bul k ZnSe:Cr crysta ls. Bri dgm an{ Sto ckbarger sam plesused to demon-
stra te laser emission conta ined to o large densiti es of di slocati ons and of parasiti c
deep centers, and to o large inhomogeneiti es of Cr concentra ti on, incl udi ng the
presence of chro mium preci pi ta tes. In the consequence, i t was di £ cul t to achi eve
repeatabl e laser parameters and a stabl e laser acti on.

In our appro ach we used high qual i ty ZnSe crysta ls grown by Ma rko v{ D avy-
dov physi cal tra nsp ort vapor (PVT) m etho d [8], whi ch were doped wi th chro mium
duri ng the growth. These were large size crysta ls (50 m m diam eter and 16 m m
height) of a cyl indri cal shape wi th a chro mium concentra ti on up to a few ti m es
1 0 1 9 cm À 3 . An essential step wa s a post growth annealing of these crysta ls in zinc
vapors at 940£ C. The anneal ing ti me was vari ed between 240 and 1000 hours. Such
post-growth anneal ing helped to el iminate parasiti c absorpti on bands related to
deep centers (zi nc vacanci es) and impro ve opti cal properti es of the sampl es.Sharp
free exci to ni c spectra were observed in pho tolum inescence (PL) and reÛectivi ty
after the post-growth anneal ing, indi cati ng a perfect qual i ty of our sam pl es. For
sti m ulated emission exp eriments sam ples cut along cleavage faces were prepared.

3. St imu lat ed em i ssion u p on di r ect C W op t i cal pu m p in g

In our approach we used a sim pl iÙed pum ping system, as com pared to tha t
appl ied by D eLoach and co-workers [2, 3]. YAl O:Ho laser operati ng at 2013 nm

Fig. 2. Exp erimental set up used in the present study to pump ed chromium

mid- inf rared emission under direct condition s.
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Fig. 3. Threshold dependence of a 5 E to 5T 2 C r2+ stimulated emission observed at

ro om temp erature for chromium dop ed ( 5 È 1 0
1 9 cm À 3 ) ZnSe:C r. Slope e£ciency of a

laser emission of 46.6% was achieved up on pumping normal to the laser cavity axis.

wi th a 0.4 W power was used for opti cal pum pi ng wi th ZnSe:Cr crysta l m ounted
in a Fabry{ Perot laser cavi ty form ed by a high reÛector and 12% output coupl er
m irro r opti m ized for 2450 nm wa velength (Fi g. 2). W e used a classical pum pi ng
conÙgurati on, i .e. emission was pum ped norm al to the laser cavi ty axi s. A very
bri ght stim ulated emission was achi eved upon opti cal pum pi ng, wi th a high slope
e£ ciency (Fi g. 3) reachi ng 46% for heavi ly Cr doped sam ple. Nearly 50% slope
e£ ciency and 56 m W generati on thresho ld power are very encoura ging results,
indi cati ng tha t the system studi ed can Ùnd practi cal appl icati ons as a mid- inf rared
sol id state laser system .

4. St imu lat ed em issi on u pon p hot o-io n izat ion p um pin g

Our previ ous PL exp eriments indi cated tha t hole retra ppi ng by a pho to-
-excited 1+ charge state of chrom ium proceeds vi a exci ted intra -shell sta tes of
chro m ium Cr 2 + [9]. Thus, exci ta ti on of intra -shell emission of Cr 2 + can be achi eved
up on pro cesseschanging the charge state of chro m ium ions. Thi s observati on sug-
gested a possibi l ity of e£ cient pum ping of intra -shell emission by an indi rect pro-
cess related to 2+ to 1+ Cr photo - ioni zati on. Cr 2 + i s excited due to a subsequent
holeretra ppi ng from the valence band proceeding vi a one of Cr 2 + intra -shell sta tes.

There are two reasons why thi s process is of an interest. Fi rst, photo -ioniza-
ti on bands of tra nsiti on m etal ions are typi cal ly characteri zed by large oscil la-
to r streng ths, i .e. the photo -excita ti on can be m ore e£ cient tha n the intra -shell
exci ta ti on and, thus, can result in a m uch m ore e£ cient opti cal pum ping of a
m id- infrared emission. Second, i f e£ ci ent, thi s pum pi ng pro cess opens the chance
for laser emission upon carri er in jection, but as well , the possibi l i ty of constructi ng
compact laser systems, due to the avai labil it y of com pact green/ bl ue color laser
di odes.

In Fi g. 4 we show an exp erim ental set up used by us to dem onstra te laser
emission upon photo - ioni zati on pum ping. A tuna ble opti cal param etri c oscil la-
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Fig. 4. Exp erimental set up used in the present study to pump ed chromium

mid- inf rared emission under photo- ioni zati on condition s.

Fig. 5. Excitation spectra of 5
E to 5

T 2 C r2+ intra- shell emission in ZnSe:C r measured

at ro om temp erature using tunable OPO system pump ed w ith third harmonic YA G: N d

pulsed laser.

to r (OPO) system (420{ 2200 nm ) pum ped by a thi rd harm oni c of a pul sed YA G:Nd
laser was used for opti cal pum pi ng. A very bri ght emission wa s observed at such
pum ping condi ti ons, despite the fact tha t we used a fai rl y pri mi ti ve laser cavi ty .
W e evaporated a thi n gold Ùlm as a hi gh reÛector mirro r di rectl y on a cleavage face
of ZnSe crysta l . As an output m irro r acted the opp osite face of the crysta l wi th
46% tra nsmission. W e observed a thresho ld- l ike dependence on pum ping density ,
wi th the thresho ld power onl y slightl y larger tha n tha t observed up on a di rect
pum ping. Slope e£ ci ency wa s larger tha n tha t upon di rect intra -shell pum ping.

By tuni ng the pum ping energy wi th OPO system (f rom 0.6 eV to 2.4 eV) we
could measure exci ta ti on bands of a m id- infra red emission. In addi ti on to a di rect
(resonant) exci ta ti on ( 5T 2 to 5 E , at 0.6 eV to 1.3 eV) the second band starti ng
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at about 1.8{ 1.9 eV was observed. Thi s exci tati on band (shown in Fi g. 5) fol lows
chro m ium 2+ to 1+ photo -ioni zati on, studi ed by us separatel y wi th photo -ESR [10].
Thi s is the Ùrst evi dence for opti cal pum pi ng of a m id- infrared stimul ated Cr 2 +

intra -shell emission upon a photo -ionizati on tra nsiti on.

5. Co n cl usion s

W e demonstra te tha t ZnSe:Cr is a suita ble sol id state laser m ateri al for
a tuna ble m id- inf rared emission in a spectra l range attra cti ve for appl icati ons in
m edicine as a surgery laser. A stim ulated emission up on photo -ioni zati on pum pi ng
is dem onstra ted for the Ùrst ti me. The latter pum pi ng m echanism of the emission
opens two possibi li ti es. Fi rst, a com pact laser system can be constructed, using
compact green or blue color laser diodes for ZnSe:Cr pum pi ng. Second, the laser
acti on up on carri er inj ection seems to be possibl e.
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