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We haw investigate the effects of In doping on the opticd properties of GaN films grown by

gas-soure molecular-bem epitaxy. Time-resolvel photoluminescerewas carried out to study the
transiem opticd properties of the epitaxid films. In comparisa to the undope& GaN film, the
spontaneasiemissia lifetime was prolongel from belov 20 to 70 ps by doping with In. Under
high-excitation density stimulatel emissimm was observe from both samples The threshold
excitation densiy was found to be reducel in the In-dopel sample Thes significart improvements
of the opticd properties are attributed to the effective suppressio of the formation of the
nonradiatie recombinatio centes cause by a chang of the growth kinetics induced by a small
amourt of In supplied during growth of the GaN films. © 199 American Institute of Physics.

[S0003-695(99)00345-9

GaN ard related 111-V nitride materiat hawe recently
drawn agred ded of attention mainly becaus of their pos-
sible applicatiors in light emitting devices operatirg in the
green blue and ultraviolegt wavelengh regions InGaN ter-
naty alloys are widely usel as the active layer for practical
devices such as blue/grea light-emitting diodes ard violet
lase diodes? A further extensim to shorte wavelengh re-
quires the GalN or AlGaN as active layers However devices
realizad with thes active layers are rarg partly becaus ma-
terials with wide bard gags enery easiy suffer from the
formation of nonradiatie recombinatio centes which may
lead to adeterioratiom in luminescene efficiency. A solution
to this problem may be to use asurfactant Surfactars are
expecte to modify the kinetics of epitaxid growth, therefore
choosirmy the adequat surfactam could resut in the improve-
mert of crystd quality by controlling the surfa@ diffusion
lengh of the adatomsRecently sone experimenthreports
on In surfactah effect investigate from a viewpoint of
optical*~® electrical® and growth propertie$ have been pub-
lished All those studies showel positive effects of In, sup-
plied on the surface during growth, to improve the crystal
quality of GaN.

In this study, we demonstrat the effed of In doping on
the improvemen of crystd quality by performirg time-
resolval photoluminescerec(TRPL) spectroscopyBecause
the carrig lifetime reflecs the concentratio of recombina-
tion centes directly, this investigatimn methal provided us
with asensitive probke for detectim of nonradiatie recombi-
nation centers The excitatilm densiy was chosa in the
range where the correspondig photogenerate carrie den-
sity was arourd ard abo\e the Mott density This allowed us
to explote the opticd properties unde a high carria density
similar to wha is found in commerci& devices operating
unde high carrie injection.

In-dopel GaN films as well as undopel films (both ap-

molecular-bem epitayy (GS-MBE) on low-temperature
grown GaN buffer/Al, O3 substrateDetails abou the growth
procedue can be found in Ref. 4. Both sample hawe n-type
conductivity with an electron concentration of
10*%-10cm™2 at room temperatur&. From the absene of
enery shift of the bard edge-relatd PL emission the In
incorporatia was estimate to be less than 0.1%® To study
the steady-stat PL properties PL measuremerexcited by a
He—Cd (325 nm) lase at 14 K was carried out ard spectra
were shown in the lower patt of Figs 1(a) and 1(b). The peak
at 3.47 eV which is attributed to the neutrd dona bound
exciton (1,)® was observe for both sample but the PL
emissiors related to the impurity or structurd defecs (3.43
eV) and the dona to accepto pair emissia (3.32 eV) were
decrease or absemin the In-dopel GaN films. Furthermore,
the intensity of the |, emissio was enhancd abou 60 times
by the In doping Thes features are attributed to areduction
of the impurity incorporation and/a a reducel formation of
defecs due to amodification of the growth kinetics induced
by an In suppy during growth.

To further investigae the effect of In doping femtosec-
ond TRPL experimerg were performal using a Spectra-
Physics mode-locke Ti:sapphie lase followed by a regen-
erative amplifier (REGEN operatimg at 1 kHz. The REGEN
was seedd by a mode-locke 80 fs/800 nm lase pulse The
outpu of the REGEN had a photm energy of 1.5 eV, and
was sert to an opticd parametic amplifier. An excitation
pulse (3.79 eV) with a pulse duratin of abou 200 fs was
obtainel after a parametic amplification and a fourth har-
monic generatio process The spd diamete of the excita-
tion pulse on the sampé surfa@ was estimate to be 200
pm. Photo countirg with a high-sped single-sca streak
camen (Hamamats C5680 was usel to deted the lumines-
cence The overal time resolutio including the lase pulse
width ard the tempord sprea within the monochromator

proximatey 0.4 um thick were prepared by gas-source .5 <20 ps All the TRPL specta were detecte at 8 K
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verticd to the epilaye surface.
Solid linesin Fig. 2 show the time deca profiles of both
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FIG. 1. cw excited PL (loweg spectra and TRPL specta at various exci-
tation densities for both undopel (a) and In-doped (b) GaN films. The
sampé temperatue during the cw and the transien PL measuremestwere
14 ard 8 K, respectively All TRPL specta are normalized.

films at the lowed excitation density In-doped GaN has
longe lifetime of 70 ps wherea the undopel GaN has the
lifetime of 20 ps Considerig with the improved film quality
observe by continuows wave (cw)—PL, this increasd life-
time strongy indicates tha indium supply effectively elimi-
nates the formation of the nonradiatie recombinatio cen-
ters.
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FIG. 2. Decy profiles of the two differert excitation densities At the low-
ed excitation densiy (®,) (solid lines), the lifetime s clearly prolongeal by
In doping At the highe ®, abowe the threshold rapid decreas of lifetime
is observe in In-doped GaN.
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FIG. 3. Excitation densiy dependeneof the pek intensity (uppe curves
and the FWHM (lower curves as obtainel from TRPL spectroscopyThe
threshotl excitatian densiy was found to be approximatef 380 uJ/cn? for
undopel ard 140 xJ/cn? for In-doped GaN.

Figure 1shows the excitation densiy (®.,) dependence
of time-integratd PL spectra Using absorption coefficient
of 1.2x10° cm ! (Ref. 9) and areflection coefficiert of 10%
measurd at the lase wavelength photogeneraté carrier
densiy is estimate to be 2.8x 108 cm ™2 at 16 uJ/cnt exci-
tation density With the increag of the excitatiln density,
full width at haf maximun (FWHM) of PL specta were
broadenedWhen the excitation exceedd acertain valueg the
pe& shifted to the lower energy accompanié with narrow-
ing of the FWHM as shown in Fig. 1. The absolug intensity
ard the FWHM as afunction of excitation densiy are plotted
in Fig. 3. A linear increag followed by superlineaincrease
of PL the pe& intensiy can be seen The bre& point is
380uJd/cnt for the undopel and 140uJ/cnt for In-doped
GaN Above the breakpoit the lifetime of the In-dopel GaN
film shows decreas from 70 to <20ps as shown by the
dashe linein Fig. 2. For the undopel GaN a lifetime short-
ening could nat be observe becaus the tempora resolution
of the detectim systen limited the measurement§hes be-
haviors of an abrug increag of the PL intensity, a rapid
decreas of the FWHM of the PL peak ard the shortenirg of
the carrie lifetime abow acertan excitatil densiy are all
characteristi features of the onse of stimulatel emission
(SB). In our experimentluminescene was collectal from a
direction normd to the sampé surface It is likely that the
observe stimulatel emissia originates from the light am-
plification during the propagatio along the sampé surface,
followed by the scatteriy due to remainirg surface
roughnes$?2 In-dopel GaN has reducel threshodl by ap-
proximatey three timesin comparisa to undopel GaN This
correspond reasonaly to the longe spontaneosi emission
lifetime of In-doped GaN below the threshotl since the
longe carrig lifetime requires the lower excitation density
to achiee the populatian inversion.
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After the onse of stimulatel emission the pe&k energy
shifts to the lower enery and the FWHM becomse broader
as the excitatim densiy is increasedlIn this excitation re-
gion, the concentratio of photogeneratk carries com-
pletely exceed the Mott densiy of 8x10"cm 32 and
therefore the electron-hoé plasna will be responsika for
this stimulatel emission This interpretation is also consis-
tent with the observe relatively large energy separatia be-
tween the spontaneosiand stimulatel emissiors (63 meV for
undopel and 35 meV for In-doped which canna be ac-
countel for by the participation of the excitors in the SE
mechanismThe origin of the differert redshit observe in
two samples is possiby attributed to the large self-
absorptim and internd losses® ard the large bard gap
renormalizatio due to highe carrier densiy in the undoped
GaN Furthe study is require to clarify this point.

In summary we hawe reportel a prolongel lifetime of
the carries and a lowering the threshotl excitation density
for stimulatel emission by doping GaN films with In. The
measuremestwere carried out by mears of TRPL spectros-
copy on GaN grown on sapphie substrate by GS-MBE.
The experimenthresuls were explainal by an improvement
in crystd quality causé by the effective suppressin of non-
radiative recombinatio centes due to a modification of
growth Kinetics induced by a smal amoun of In supplied
during the growth.
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