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Th e near -ban d-edge photo lum inescence spectra of ver y high quality
hexagonal Zn O single crystals in the temp erature range bet w een 9 and

305 K w ere measured . Based on the energetic p ositio ns and the evolutions
of w ell- resolved photolumi nescence lines w ith temp erature and w ith exci-
tation pow er density w e interpret the observed photolumi nescence lines as
resulting from recombination of the free-exciton , bound- excito n, biexciton,

inelasti c exciton {excito n collisi on and electron{hol e plasma.

PAC S numb ers: 71.35. {y , 78.55. {m, 78.55.Et

1. I n t rod uct io n

In t he last years, Zn O has been paid much attenti on because of i ts advan-
ta ges: the di rect electroni c tra nsiti on, the very high free-exci ton bi ndi ng energy
(60 m eV), the large band-gap energy, etc. The behavi ours m enti oned above m ake
ZnO suita ble for exci to n-related opto electro nic devi ceswo rki ng in the short wave-
length rangeand at room temperature [1{ 5]. Furtherm ore, ZnO doped wi th tra nsi-
ti on m etals dem onstra tes to be very prom ising di luted magneti c semiconducto r for
spi ntro nic devi ces wi th the Curi e tem perature higher tha n the room tem perature
[6{ 8]. Achi evements in the materi als preparati on as well as in the physi cs under-
standi ngs of ZnO have been obta inedy [1{ 11]. However, the variati ons in quali ty of
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m ateri als prepared and di ˜erent experim enta l techni ques used have given ri se to
the discrepancy in reported data for the near-band-edge photo lum inescence (PL)
from ZnO crysta ls. Pra cti cal ly, i t is hard to observe the PL from free-exci to n re-
combi nati on in single crysta ls because of the crysta l l ine qual i ty and the resonant
reabsorpti on pro cess. Mo reover, since Bohr radius of the free exci ton in ZnO is
smal l (18 ¡A), i t is expected tha t the cri ti cal concentra ti on of exci to ns is high. As a
consequence, strong intera cti ons between exci to n and exci to n and other parti cles
or quasi-parti cles ta ke place tha t make the near-band- edge PL spectra compl ex.
In other words, al l exci ton-related enti ti es such as the free excito ns, bound exci -
to ns, biexci to ns, etc. and the free carri ers compete to gether and contri bute to the
emission at the sam e ti me. There is the fact tha t in m any publ ished papers the
PL spectra f rom ZnO were presented very low in resoluti on and di ˜erent in spec-
tra l feature consequent upon the di ˜erent sam ples prepared and experim ents used.
These obstructed the clear- cut discussion on the emission l ines in ZnO crysta ls.

In thi s paper, we present the PL properti es of very high qual i ty hexa gonal
ZnO singlecrysta ls in the tem perature range between 9 and 305 K. At low tem per-
ature the PL spectra were obta ined in very high resoluti on tha t consist of the vari -
ous emission l ines resulti ng from recombi natio ns of the excito n and exci to n-related
enti ti es. Therm al quenchi ng of the emission l ines as well as thei r evoluti ons wi th
exci ta ti on power densiti es were system ati cal ly studi ed tha t enabled us to interpret
the radiati ve mechani sm, to determ ine exactl y the peak energy corresp ondi ng to
each electroni c tra nsiti on, and to observe tra nsform ati ons between the mentio ned
emission l ines.

2. E x per i m en t a l

The sam ples used in our study are ZnO single crysta ls grown by a vapour-
-phase m etho d. These crysta ls have the hexagonal structure wi th m irro r- l ike crys-
ta l l ine facets. In the PL measurements the sam ples were m ounted on the cold
Ùnger of a closed-cycl e hel ium cryo stat (AP D Cryo genics Inc. Mo del HC- 2). Sam -
pl e tem perature was m ainta ined at any requi red value from 9 to 305 K by using
a tem perature contro l ler (La keShore 330). Low- pressure ni tro gen gas laser (rep e-
ti ti on of 10 Hz, pulse wi dth of 7 ns) wa s used as the exci ta ti on source. The use
of pul sed-laser exci ta ti on in combinatio n wi th an appro pri ate electronic trea tm ent
uni t gave a way for the PL measurement wi th moderate exci ta ti on power densi-
ti es in the integ rated regim e. Spectra l resoluti on was better tha n 0.3 m eV achi eved
by using a double m onochromato r wi th two 1200 Gr/ mm grati ngs (Jobi n-Yvo n
H RD 1). The PL signal then was detected by a photo multi pli er tub e (F EU-100) and
averaged in multi -pulses at each spectra l point by a 1.5 GHz di gi tal oscil loscope
(LeCro y 9362) for impro vi ng the signal -to -noise rati o.
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3. R esul t s an d d iscu ssio n

Fi gure 1 shows the PL spectra of a ZnO single crysta l at 9 K. The exci ta ti on
power density was chosen to be of 10 k W / cm 2 for the reason to l im it intera cti ons
between exci to ns and other parti cles. The inset shows the very near- band- edge PL
l ines. W e l ike noti ng tha t the very narro w emission l ines (f ul l wi dth at hal f m axi -
m um, FW HM, < 3 meV) obta ined are the evidence for the high crysta l l ine qual i ty
of the sam ples under study . Because the spectra l resoluti on of the PL m easurem ent
wa s set to be better tha n 0.3 m eV thus the emission l ines obta ined are well -resolved
by self-sam ple and the a˜ecti on of instrum enta l response to the overal l resoluti on
could be ignored. The emission l ines are labeled XL at 3.375 eV, D 0 X at 3.360 eV,
and XX at 3.357 eV. The assigned labels imply tha t the corresp ondi ng PL l ines
are the indecisively free-excito ni c at low energy, neutra l donor bound excito ni c,
and biexci to nic tra nsiti ons, respecti vel y [12]. W e m entio n the indecisive feature
of the X L emission l ine because of the large discrepancy in reported data for the
free-exci to nic and biexci to nic emissions. It is theref ore necessary to di scussthe XL

and XX emission l ines in more deta il . For the biexci to ni c emission (the XX l ine)
in ZnO single crysta ls, we clearl y observed i t under certa in exci ta ti on condi ti ons.
Its characteri sti cs incl uding the tem perature- dependent PL wi l l be reported in a
separate paper.

Fig. 1. P L spectra of ZnO bul k crystals at 9 K w ith an excitation power density of

10 kW /cm 2 . T he inset show s an expansion of the excitonic part for clarity .

W e now focus on the X L emission l ine. In the l i tera ture, the PL line around
3.375 eV, i .e. the one corresp onds to the XL l ine in thi s report, has been wi dely in-
terpreted as resulti ng from the f ree-exci to ni c tra nsi ti on. In fact, the peak energy of
the m enti oned emission in the vari ous ki nds of ZnO reported are som ewhat vari ed
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Fig. 2. T he evolution of PL from ZnO bulk crystals as a function of temp erature w ith

an excitation pow er density of 1 MW/cm 2 .

[1{ 3, 9-13]. Thi s m ay ori ginate from di ˜erent ki nds of sam ples and may ori ginate
from unreasonabl e assignm ents as wel l. W e observed several features, whi ch are
not characteri stic of the f ree-exci to ni c tra nsiti on, from the so-cal led f ree-exci to n
emission l ine at 3.375 eV. In Fi g. 2 the evoluti on of PL spectra from a ZnO single
crysta l as a functi on of tem perature is shown. The exci ta ti on power density was
chosen to be ¤ 1 MW / cm 2 . At thi s excita ti on power density , the D0 X emission
wa s alm ost intensi ty- satura ted hence a m inor contri buti on of thi s to the overal l
spectra needs to be considered even at 9 K. The Ùrst interesti ng resul t is tha t
the X L emission l ine was very fast therm al ly quenched. At ¤ 5 0 K, no tra ce of
the X L l ine rem ained al tho ugh the free-exci to n bi ndi ng energy of ZnO is 60 m eV,
whi ch corresponds to the therm al quenchi ng at about 700 K. Mo reover, along wi th
the disappearance of the XL l ine a new PL l ine labeled XH app ears at the higher
energy side and i ts rel ati ve intensi ty is increa sed gradual ly as com pared to tho se
of the other PL lines. W e could determ ine the exact energy of the X H l ine by a
curve Ùtti ng pro cedure [14], whi ch wa s perform ed on the spectrum measured at
low exci ta ti on power density (i n order to decrease the error causing by overl ap-
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pi ng the vari ous emission l ines). The energy of the X H l ine is determ ined to be
3.384 eV at 80 K and 3.315 eV at 305 K. The XH emission l ine devel oped wi th tem -
perature over the other band-edge emission l ines and becam e dom inant at room
tem perature. The XH l ine at higher energy tha n tha t of the X L l ine and i ts dom i-
nance at room -tem perature spectra indi cate reasonabl y the characteri stics of the
free-exci to n emission in ZnO crysta l . Using the bi ndi ng energy of the f ree exci to n
in ZnO crysta l of 60 m eV, the band- gap energy of the hexagonal ZnO crysta l is
determ ined to be 3.375 eV at room tem perature. Thi s resul t is in very good agree-
m ent wi th tha t obta ined by the opti cal absorpti on m easurement [15]. General ly, i t
is very di£ cult to observe the free-exci to n emission because of the crysta l quali ty:
a smal l amount of im puri ti es (donors or accepto rs) or defects can act as tra ps.
For tho se reasons, recombi nati on of the electrons and holes would ta ke place at
the bindi ng centres indi cated above. Consequentl y, in crysta ls we usual ly observe
the emission of bound exci to ns. On the other hand, because of the resonance in
energy, the emission from free exci to ns recom binatio n can highl y be reabsorb ed.
Checki ng further in behavi our of the X L l ine one can see tha t it has the very
narro w FW HM. Thi s is the character som ewhat related to the bindi ng state but
not to the free-exci to n state. In the case of ZnO crysta ls, the cri ti cal concentra ti on
of free excito n is very high due to i ts small Bohr radius tha t m ake the intera cti on
between exci to ns strong. As a result, the broadeni ng of the free-exci to n PL l ine
is indi spensable and signiÙcant. From deconvolutio n of the 80 K PL spectrum we
obta ined the FW HM of the XH l ine to be reasonable of 25 meV.

W ith increasing tem perature the dissociati on of the biexci to ns and bound
exci to ns ta kes place Ùrst, whi ch gives ri se to the decrease in the biexci to n and
bound- exci to n PL intensi ti es, respectively. The PL from recombi nati on of the free
exci to ns can be increased because the popul ati ons of the free exci to ns increased.
The increase in the free-exci to n popul ati on and the increase in exci to n{ exci to n
scatteri ng rate wi th tem perature also di rectl y give ri se to the increase in the emis-
sion intensi ty resul ti ng from exci to n{ excito n col lisions. Mo reover, the increase in
scatteri ng between the parti cles makes the dissociati on of the exci to ns increasable,
and hence the density of the free carri ers increased, to o. Consequentl y, the PL band
due to electron{ hole recom binatio n in the plasma state (the peak positi on of the
electron{ hole pl asma (EHP) band was at about 3.15 eV) was increased m uch wi th
tem perature. In pri ncipl e, at the therm odyna m ic equi l ibri um the increase or de-
crease in the PL intensi ti es can be expressed by the set of the equati ons describing
the dependencies of the electron and hole popul ati ons on the energy and sampl e
tem perature.

W ith increase in excita ti on power density , the evoluti ons of PL intensi ti es
correspondi ng to the vari ous tra nsiti ons are di ˜erent: D0 X l ine rel ated to a Ùnite
num ber of donors and i t is theref ore intensi ty- satura ted, whi le the PL intensi ty of
the XX line became much stro nger tha n other lines. The predo minant increase in
the PL intensi ty of the XX l ine wi th increasing exci ta ti on power density is very
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Fig. 3. PL spectra of ZnO bulk crystals at (a) 9, (b) 80 and (c) 305 K as functions of

excitation pow er densities.

characteri sti c of the biexci to nic lum inescence. On the other hand, the intensi ty of
the P l ine was gradual ly increased and became a pro nounced band (see Fi gs. 3a



Near -Band- Edge Phot olumi nescence . . . 73

and b). At the exci ta ti on power density over 1 MW / cm 2 the P emission is the
predo minant component in the who le spectrum wi th a shape of broadband ta i l ing
to the lower energy side (see the curves corresp ondi ng to the 5 MW / cm 2 exci ta ti on
power density). The P band observed in the spectrum is com posed by the super-
positi on of the Pn emission l ines (n = 2 Ë 1 ), whi ch were form ed by electron{ hole
recombi nati on duri ng the inelasti c exci to n{ exci ton col l ision. The energy of the
emi tted photo ns is expressed as [16]:

E n = E x À E b
x

˚

1 À

1

n 2

Ç

À

3

2
k T ; (1)

where E x i s the free-exci to n energy, E b
x the bi ndi ng energy of free exci to n, and the

last term expresses the therm odyna mic energy of carri ers. The expression shows a
separati on of the P2 l ine from the left P 3 ! 1 l ines, whi ch appear as a conti nuum
band composed by overl appi ng of them . In fact, the superpositi on of al l P 2 (wi th
m ore intense intensi ty because of higher electron{ hole recom binati on rate) and
P 3 !1 lines results in the very asymm etri c P band peaki ng cl ose to the peak of
the P2 emission l ine. Here, a probl em com esout: i f the free-exci to n energy E x i s not
exactl y determ ined, one cannot determ ine E n . In our experim ent, E 2 i s extra cted
to be 3.346 eV at 9 K correspondi ng to E x of 3.391 eV, whi ch is very far f rom
reported data for the so-cal led free exci ton A at 3.375 eV. Ho wever, thi s value is
very close to the so-cal led free exci to n B in num erous publ icati ons [17{ 19]. The
hi gher energy E x of the free exci to n is again rul ing out the free-exci to nic nature of
the 3.375 eV emission l ine. It is very ni ce tha t an extra polati on by the least-squares
Ùt of the XH emission energy as a f uncti on of tem perature to Varshni ' s equati on
give the sam e value for XH at 9 K, namely 3.391 eV [20]. Thi s is a good supp ort
to the true free-excito n tra nsiti on be responsi ble to the X H emission in ZnO.

Since the bi excito ni c lum inescence l ine was ni cely recorded, i ts bi nding en-
ergy is theref ore exactl y determ ined to be 34 meV if the 3.391 eV emission l ine
is consi dered to ori ginate from the f ree-exci to ni c tra nsiti on. The v alue obta ined
is di ˜erent f rom reported data: m uch higher tha n 14.7 m eV in R ef. [2]. Thi s is
because of the fol lowing reasons. Fi rst, in our opi nion, the accuracy of reported
data is not appro pri ate since they were deduced from the unresolved absorpti on
and/ or pho tolum inescence spectra. Second, the m ost im porta nt reason is tha t the
so-cal led free-exci to nic tra nsiti on wa s not exactl y identi Ùed as we have just pro ved
above. In our exp eriments, the high-resoluti on PL spectra were recorded on the
very hi gh qual i ty ZnO single crysta ls tha t enabl ed us to determ ine exactl y the
energy of the spectra l l ines. Here, we woul d l ike to note tha t the 3.375 eV emission
l ine m ay corresp ond to a local ized state whi ch stro ngly rela tes to the f ree-exci to n
and biexci to n recom binati ons. In fact, the popul ati on evolvi ng wi th tem perature
of each quasi-parti cl e l ike exci ton and/ or biexci to n etc. and the therm odyna m ic
popul ati on of them at a certa in tem perature are very compl icated.

At room tem perature or hi gher, the EHP emission intensi ty is m uch in-
creased wi th increasing excita ti on densi ty (Fi g. 3c). Thi s is the m ain reason for
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tha t the laser l ight from ZnO m ateri al originates from electron{ hole recom bina-
ti on in the plasma states, i .e. from the EHP band [1, 10]. Ana lyzi ng in deta i l the
tem perature- dependent PL spectra whi ch are represented in Fi g. 2 and the exci -
ta ti on power density- dependent PL spectra in Fi g. 3, we see tha t wi th increasing
sam ple tem perature or exci ta ti on power density the peak positi on of the EHP band
shi fted to ward the lower energy side. However, the physi cal m echani sms governi ng
the tw o pro cessesof the energy redshi ft are di ˜erent. W i th increasing tem perature
the band gap of ZnO crysta ls is narro wed due to the creati on of m icroÙelds induced
by latti ce heat. There are two m ain contri buti ons to the tem perature dependence
of the band-gap energy in semiconducto rs, namely the electron{ pho non intera c-
ti on and the therm al di lata ti on of crysta l l ine latti ce [14, 21], thus the energy shift
of the EHP band takes place accordi ng ly. The increase in carri er density wi th the
photo excita ti on density causesanother e˜ect (the band-gap renorm al izati on) tha t
give ri se to the reducti on of the band- gap energy. Co nsequentl y, the excito n PL
l ines and the EHP band were shi fted to wards the lower energy side. In the case
of very high carri er density i t is necessary to study the screening e˜ect, whi ch
causes the shift of the excito n emission l ines to wards the higher energy side. How-
ever, in the concrete case of ZnO crysta ls the shi ft of the near-band- edge PL l ines
to wards the lower energy side is predom inant because of the band- gap renorm al -
izati on [22]. In our experim ents, we observed cl earl y the band-gap renorm al izati on
at Ùxed sam ple tem peratures by a vari ati on in exci ta ti on power density .

4 . Co n cl u si on

In concl usion, the hi gh resoluti on PL m easurements were perform ed on the
very hi gh qual it y ZnO single crysta ls. The deta i led results obta ined from the evolu-
ti on of the PL wi th exci ta ti on power density and wi th sam ple temperature enable
us to interpret exactl y the free-exci to n, bound- exci to n, biexci to n tra nsiti ons, etc.
The true free-exci to n tra nsi ti on is deÙnitel y conÙrm ed and i ts energy at di ˜er-
ent temperatures ranging from 9 to 305 K wa s exactl y determ ined by the PL
m easurement, and tha t also means the band-gap energy of ZnO at corresp ondi ng
tem peratures wa s exactl y determ ined. Therm odyna mic pro cessescorresp onding to
the therm al quenchi ng of the bound and local ized exci to nic emissions to generate
the free exci to ns at higher tem peratures as well as the repopul ati on between them
in therm odyna m ic equi l ibri um s at certa in exci ta ti on power density and/ or sampl e
tem perature were bri eÛy discussed.
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