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Carr i er recom bi nation dynamic s in polar and nonp olar GaN epilayers
and GaN / AlGaN m ultiple quantum w ells grow n over sapphire substrates
w ith various crystallograp hi c orientation w ere studied under high photo ex-

citation by 20 ps laser pulses. T he transient of luminescence featured a sig-
ni Ùcant enhancement in nonradiati ve recombination of free carriers for non-
p olar a -plane GaN epilayers compared to conventional c -plane samples. T he

epitaxial lateral overgrow th technique w as demonstrated to signiÙcantly im-
pro ve the quality of nonp olar a- plane Ùlms. T his w as pro ved by more than
40- fold increase in luminesce nce decay time (430 ps compared to ç 1 0 ps

in the ordinary a -plane epilayer ). U nder high- exci tation regime , a complete
screening of built- in electric Ùeld by free carriers in multiple quantum wells
grow n on c - plane and r -plane sapphire substrates w as achieved. U nder such
high excitation, luminescence e£ciency and carrier lif etime of multiple quan-

tum wells w as show n to be determined by the substrate quality .
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1. I n t rod uct io n

Group- I I I ni tri de materi als are wi dely used for fabri cati on of UV- bl ue l ight
emi tti ng diodes and lasers [1]. Recent pro gress in growth of GaN epi lay ers wi th
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nonpolar ori enta ti on and correspondi ng ni tri de-based hetero struc ture s opens new
pro specti ve in design and appl icati on of electronic and opto electroni c devi ceswi th-
out the restri cti ons im posed by strong bui l t- in electri c Ùelds, whi ch are always
present in conventi onal c -plane ([ 0001]-ori ented) group- II I ni tri de hetero struct ures
[2{ 9]. One of the m ost powerful to ols used for m ateri als characteri zati on is lum i-
nescence spectro scopy. Ho wever, opti cal properti es under high exci ta ti on condi -
ti ons, whi ch are typi cal of operati ng regim es of laser and high-power l ight- emi tti ng
di odes, have not been inv estigated in a -pl ane oriented Ùlm s so far. Here, we re-
port on lum inescence properti es of group- I II ni tri des and thei r multi pl e quantum
wel ls (M QW s) wi th polar and nonpolar orienta ti on revealed under stro ng laser
exci ta ti on.

2. E x per i m en t a l

The c-pl ane GaN epilayers were grown on c-pl ane sapphi re substra tes using
a low- pressure meta lorgani c chemical vapor depositi on (MOCVD ) reactor. W e
used tri ethyl gal lium and NH 3 as the precurso rs for Ga and N, respect ively. A
1.5 ñ m thi ck GaN epi layer was deposited on the sapphi re substra te wi th a 20 nm
thi ck low- tem perature GaN bu˜er layer. Hydro gen was used as a carri er gas and
the reactor pressure was kept at 76 T orr. The a -plane GaN epi layer wa s grown
over the r -plane sapphi re substra tes usi ng a sim i lar two- step growth procedure
[8, 9]. The growth was carri ed out at 1080£ C and at a pressure of 50 T orr. The
thi ckness of GaN epi layer was around 1.5 ñ m . Subsequentl y, a 0.2 ñ m thi ck SiO2

wa s deposited by pl asma enhanced chemical vapor depositi on on a part of the
a -plane GaN epi layers for ful ly coalescedepi ta xi al latera l overg rowth (ELOG ). The
m ask pattern consisted of 12 ñ m wi de SiO 2 stri pes and 6 ñ m wi de opening wi ndows
tha t were fabri cated by using standard photo l i tho graphy and wet etchi ng. The
stri pes were ori ented along the [1ñ100] di recti on. The sam ples were then reloaded
in the MOCVD system and addi ti onal growth was carri ed out at 1080£ C for two
hours and 1050£ C for three hours. The lower tem perature caused an enhanced
latera l growth rate tha t resulted in a ful l coalescence of the GaN stri pes. Under
our growth condi ti ons, the latera l to verti cal growth rate rati o wa s around 3:5.
Addi ti onal ly, three MQW sam ples were prepa red. 5 MQW s, consisti ng of 5 nm
GaN quantum wel ls and 8 nm Al GaN barri ers (appro xi matel y 25% Al ) pai rs were
grown on GaN epi layer tha t was deposited over c - and r -pl anes of the sapphi re
substra tes.

The sam ples were exci ted by the f ourth harm onic (pho to n energy h ¡ g =

4:66 eV) of the acti vely- passively m ode- locked YAG:Nd 3 + laser (pul se dura ti on
wa s 20 ps, repeti ti on rate wa s 2.7 Hz, and m axi mum pum p energy was 4 0 ñ J).
The size of the exci ta ti on spot was appro xi m ately 1 m m. Photo lum inescence was
col lected in backscatteri ng geom etry and dispersed by a 0.4 m grati ng monochro -
m ato r. T oluene opti cal Kerr shutter was used for tem pora l resoluti on (20 ps) of
the lum inescence decay. The experim ents were carri ed out at room tem perature.
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3. R esul t s an d d iscu ssio n

Fi gure 1 displays typi cal ti m e-integrated photo lum inescence (PL) spectra
for a -plane and c-pl ane GaN, as wel l as for a -plane ELOG GaN f or the exci ta-
ti on energy density of I g = 0:3 m J=cm 2. At high pho to excita ti on, the spectra of
a -plane sampl es consist of one bro ad emission band peaked in the vi cini ty of the
band-gap energy ( ¤ 3 : 4 eV). The observed lum inescence spectra are typi cal of the
radi ati ve recom binati on of high-density electro n{ hole plasma (EHP) tha t occurs
under intense photo exci ta ti on wi th the exci toni c states screened by the nonequi -
l ibri um carri er system [10{ 12]. The EHP band dom inates in the emission in a
bro ad range of exci tati on intensi ti es. For the highest exci tati on I g > 3 m J=cm 2,

Fig. 1. T ime- integrated lumine scence spectra of the c -plane (triangles), a- plane

(squares), and a -plane EL OG (circles) GaN Ùlms for the excitation energy density

I 0 :3 mJ = cm .

the spectra are m odi Ùed due to stimul ated emission and carri er heati ng e˜ects.
PL intensi ty is seen to di ˜er signiÙcantl y in di ˜erent sampl es.Na mely, the a -plane
GaN epi layers grown over r -pl ane sapphi re exhi bi t a decrease in EHP lum ines-
cence intensi ty by about 20 ti mes in compari son wi th the conventio nal c-plane
GaN epi layers grown over c -pl ane sapphi re, whereas the a -plane ELOG structure
dem onstra tes 110 ti m es higher emission intensi ty tha n tha t of the a -plane GaN
epi layer. Accordi ng ly, the peak positi on of sponta neous emission is at 3.42 eV,
3.42 eV, and 3.39 eV for the a -plane epilayer, c-plane epi layer, and a -plane ELOG
Ùlm, respectivel y. The increase in the emission intensi ty in the ELOG Ùlm can
be accounted for by an increase in EHP l i feti me and, consequentl y, the redshi ft
can be attri buted to band-gap renorm al izati on due to generati on of pl asma wi th
hi gher ini ti al density .

Fi gure 2 shows the emission intensi ty as a functi on of ti m e at the peak
positi on of the PL band for the exci ta ti on intensi ty I 0:8 m J=cm in three
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Fig. 2. T ransient behavior of the luminescen ce intensity at the peak position of spon-

taneous emission in the a -plane (triangles), c -plane (squares), and the a- plane ELO G

(circles) GaN Ùlms for the excitation energy density I g = 0: 8 mJ = cm2 .

typ es of epi layers. As one can see, the lum inescence decay is nearly exponenti al
wi th a characteri stic ti m e consta nt of §L U ç 10 ps, §L U = 42 ps, and § L U = 430 ps
for the a -pl ane, c-pl ane, and a -pl ane ELOG GaN epi layers, respecti vel y. The Ùrst
two values were estim ated by a deconvo lutio n pro cedure. The obta ined vari ati on in
lum inescence decay ti m es is in good agreement wi th the exp erimenta l ly observed
ti m e-in tegrated lum inescence intensi ty (Fi g. 1).

The observed dyna m ics of the PL spectra can be understo od as fol lows.
Usual ly, structures grown over c-pl ane sapphi re substra tes have smoother surf aces
and hi gher qual i ty al loys as com pared wi th Ùlm s grown over r -pl ane sapphi re
substra tes [13]. Thus, the rate of nonradi ati ve recombi nati on of EHP is higher
in the a -pl ane GaN epi layer grown over r -pl ane sapphi re in com parison wi th the
conventio nal c-plane epilayer. Our resul ts show tha t the ELOG procedure signi f-
icantl y impro ves the a -plane GaN materi al quali ty and reduces the inÛuence of
the substra te-related defects. Thi s results in m ore tha n a 40- fold increase in the
value of the lum inescence decay ti m e (§ L U 430 ps) and the PL intensi ty for
the ELOG sampl e in comparison wi th the ordi nary a -pl ane sam ple ( ps).
The exponenti al decay proÙle of the lum inescence intensi ty im pli es the deep-tra p
satura ti on regim e, whi ch can be easily achi eved in GaN epi layers under high exci -
ta ti on condi ti ons ( m J/ cm ) [11, 12]. Under such a regim e, the characteri stic
PL decay ti m e is related to the ti m e § of free-carri er capture to the deep tra ps as
§ § =2. For the nonpolar a -plane ELOG Ùlm, the estim ated carri er l i feti m e
at room tem perature is § 860 ps tha t is close to the value § 970 ps observed
in alm ost di slocati on- free hom oepi taxi al GaN epilayer [11].

Fi gure 3 shows typi cal ti me-integrated PL spectra of Al GaN/ GaN MQW s
grown on the a -plane and the c-pl ane GaN, for the exci ta ti on energy density of
I 0:3 m J=cm . D ue to spati al conÙnement e˜ect in the GaN quantum wells, the
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Fig. 3. T ime- integrated luminesc ence spectra of the a -plane (triangles) and c -plane

(squares) A lGaN /GaN M QWs for the excitation energy density I g = 0: 3 mJ = cm 2 . T he

normali zed lumines cence spectra for low I g = 16 ñ J= cm 2 excitation are show n for com-

parison: dotted line | c -plane MQ W, solid line | c -plane MQ W.

spectra are slightl y bl ueshifted compared to corresp ondi ng ones of GaN epi layer
emission (Fi g. 1). The low-energy edge of the c-pl ane MQW s emission is obvi ousl y
di storted by sti mul ated tra nsi ti ons. The PL peak positi on in both the polar and
nonpolar MQW s is close to 3.45 eV indi cati ng on screening of bui l t- in Ùeld by free
carri ers (the nonequi l ibri um -carri er density is of the order of 1 0 1 9 cm À 3 ). Lum i-
nescence of the c-pl ane MQW is twi ce m ore intense, com pared to a -pl ane MQW .
For com parison, l ines in Fi g. 3 show norm al ized lum inescence spectra of the same
structures obta ined at low 1 6 ñ J/ cm 2 exci ta ti on (exci m er laser, 8 ns dura ti on,
6.42 eV photo n energy pul ses). Lum inescenceof the nonp olar a -pl ane MQW s is po-

Fig. 4. T ransient behavior of the luminescen ce intensity at the peak position of spon-

taneous emission in the a -plane (op en circles) and c -plane (solid circles) A lGaN /GaN

MQ Ws for the excitation energy density I = 0: 8 mJ = cm .
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siti oned at 3.481 eV, i .e. i t is slightly blueshi fted com pared to high exci ta ti on, whi le
the c -plane grown MQW s exhi bi t signi Ùcantl y redshi fted lum inescence at 3.21 eV
due to in-well electri c Ùeld. Since at high exci ta ti on polari zati on Ùeld is screened
by nonequi l ibri um carri ers, the lum inescence l i feti me reÛects carri er capture rate,
whi ch is solely characteri sti cs of the materi al . Thus the m ateri als qual i ty can be
compared in MQW s grown on substra tes of di ˜erent orienta ti on. Fi gure 4 shows
lum inescence tra nsients obta ined at the peak positi on f or the c-pl ane and a -plane
MQW s. The lum inescence decay ti m e in polar c-plane MQW (§L U = 35 ps) is
larger tha n tha t in a -pl ane structure (§ L U = 20 ps) whi ch correl ates wi th the to ta l
intensi ty of the correspondi ng emission bands. Thus, altho ugh a MQW structure
slightl y suppresses the impact of the threa di ng di slocati ons, the m ateri als qual i ty
of the a -plane MQW s grown over r -plane sapphi re is lower tha n tha t of the MQW s
grown over c-plane sapphi re.

4. Co n cl usion s

In concl usion, tra nsient lum inescence dyna m ics under high excita ti on con-
di ti ons was studi ed in GaN epilayers and MQW s of polar (c-pl ane) and nonpolar
(a -plane) orienta ti on. The m odel of dense electron{ hole pl asma recom binati on was
appl ied for characteri zati on of m ateri als quali ty . Lum inescence tra nsi ents were ex-
pl ained in term s of free carri er capture to the satura ted deep centers of nonra diati ve
recombi nati on. No npolar a -plane epilayers were shown to possessa large amount
of nonra diati ve tra ps, whi ch signiÙcantl y dim ini shesboth the carri er l i feti me and
lum inescence e£ ciency. Appl icati on of epi ta xi al latera l overg rowth techni que was
shown to be capabl e of signi Ùcant reducti on of nonra diati ve capture in a -plane
GaN Ùlm s.

Under high-exci ta ti on regime, com plete screening of bui l t- in electri c Ùeld
by free carri ers was real ized in Al GaN/ GaN MQW s grown on c -plane and r -plane
sapphi re substra tes. Thi s enabl ed materi als characteri zati on by the carri er li feti m e.
In highly photo exci ted MQW s, the lum inescencee£ ciency and carri er l i feti me was
shown to be determ ined by the substra te quali ty .
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