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Laser action in Eu-doped GaN thin-film cavity at room temperature

J. H. Park and A. J. Steckl®
Nanoelectronics Laboratory, University of Cincinnati, Cincinnati, Ohio 45221-0030

(Received 30 July 2004; accepted 30 September 2004

Rare-earth-based lasing action in GaN is demonstrated. Room-temperature stimulated ¢8$sion
was obtained at 620 nm from an optical cavity formed by groviingitu Eu-doped GaN thin films

on sapphire substrates. The SE threshold for optical pumping-df at. % Eu-doped GaN sample
was~10 kW/cn?. The SE threshold was accompanied by reductions in the emission linewidth and
lifetime. A modal gain of~43 cm! and a modal loss 0of~20 cni! were obtained. €2004
American Institute of PhysicgDOI: 10.1063/1.1821630

Trivalent rare-earth (RE®*) ions exhibit inner-shell with 600-ps pulse width and 10-Hz frequency was used as a
(intra-4f) transitions that produce sharp photoemission linepumping source. The pump beam is focused by a cylindrical
with wavelengths ranging from the ultraviolet to the nearlens to form a 1< 0.5-mm stripe on the sample surface. The
infrared. TheRE®* transition energies are independent of sample edges were polished to reduce light scattering from
temperature in a given host and vary only slightly from hostthe cleaved edge. The cavity length is held constant at 10
to host. The excitation efﬁCiency and emission intenSity dQ'nm |_|ght emission from the top surface has Spontaneous
depend on the host materid®E-based emitters have found emjssion characteristics, whereas light emission from the

many applications: phosphors for displays, solid-state la- fjjy, edge can contain both spontaneous and stimulated emis-
sers, and fiber-optic amplifiers. ThEbased solid-state la- 5, (SE). To insure that only edge emission is collected,

sers utilize an.msulatlng host and are 0pt!cally pumped. T%nother knife edge is placed perpendicular to the top surface
achieve electrically pumpeRE lasers requires a semicon- blocking the surface emission

ductor host with certain properties: band-gap energy com- L -
mensurate with th&E transition energy, good high electric- The EJ '|ntra-4'1f'tran3|t|ons have several energy levels
field properties, ability to introduce a significaRE density that can emlt at V'_S_'ble wavelengths% The most commonly
without luminescence quenching, ability to efficiently excite observed E,%’ tranS|t.|ons are théDO t°7FJ (3?0'1’23,'9"'
the RE** ions, etc. The major potential advantage RE €IS generating red light, with thD,— 'F, being dom|n7ant.
based semiconductor lasers is an essentially fixed emission [N this work, using GaN:Eu on sapphire, th@,— 'F,
wavelength, which is defined by &E atomic transition and transition is also dominant, with the emission peak at
does not vary with host material changes, optical cavity de=~620 nm [Fig. 1(a@]. The Ed* ions in the GaN host are
sign, or operating temperature. While many semiconductofissumed to be primarily substitutional in Ga sites. In prac-
materials have been, and continue to be, investigated for thisce, various sites having distinct optical properties have been
purpose, to date no conclusive reportsRi lasing in semi- reporteoﬁ.‘sThese local E®F environments produce an inho-
conductor hosts have been published. mogeneous broadening of the Eu emission, which can be
One of the most promising semiconductor hostsR&ét  representetiby a Gaussian distribution. The dashed line in
lasing is the wide band-gap semiconductor GaN. In additiorFig. i(a) is the Gaussian fitting of the dominant transition
to fulf”“ng the criteria listed above fORE hOStS, GaN _haS level. Edge emission from photopumped GaN:Eu shows a
been showf to be produce outstanding “intrinsic” light- syperiinear dependence on pumping peak power density
emitting dlqt_:ies and_ lasers. Furthermore, the wide banq 93Fig. 1(b)], indicating the occurrence of SE. The SE onset
and the ability to tailor the band-gap through I1I-N alloying 5cirs at~10 kW/cn? peak power density. This value is

enable matching this materials system to ma&#f* ions.
. . very much lower than the SE threshold repotfeibr RE
Luminescence from GaN doped with Er, Eu, Pr, Th, Tm, and y P

. ) . -~ 5
other REs has been reportédl.n this Letter we reporRE c_iopet_j noncrystalllrle m_ate_rla(WplcaIIy MW/c_m ) The

O linewidth of the Ed* emission below threshold is3.3 nm
based laser action in GaN.

Eu-doped GaN was grown on sapphire substrétds [Fig. 1(b)], dropping to~2.0 nm above threshold. This line-

x 10 mm) in a solid source molecular-beam epitaxy system width reduction ratio 0~40% is higher than that reporféd

An AIN buffer layer was grown for 5 min followed by the for Ce-dopeds-Al,05 nanoparticles ~26%. )

growth of GaN:Eu for 1 h, resulting in a 08w active layer In ge_ne_ral, for Iow_threshold laser operatlt_)n several
doped with~1-3 at. % Eu. A GaN cap layer was grown for characteristics are requirétilarge SE cross sectiofvy),

2 min. The substrate temperature was set at 800 °C duringigh absorption coefficient for optical pumpingGaN:
growth. Finally, the sample was annealed at 675 °C for 1 h~10°/cm at 337 nm high excitation conversion efficiency,
The detailed growth process of GaNl situ doped with Eu  high radiative quantum efficiendyy), low thermal popula-

and otherREs has been previously reportéd. tion of lower laser level[N,), no (or low) excited-state ab-
The basic configuration of threshold and linewidth mea-sorption, and long photoluminescen@®l) lifetime.
surements follows Amanet al® A N, laser(\=337.1 nm The threshold power is inversely proportiofiato the
SE cross sectiofio,,) and the PL lifetime(7p). oy calcu-
JElectronic mail: a.steckl@uc.edu lated by the integrap-+ method” is given by
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%' ‘é FIG. 2. (Color online, (a) Edge emission spectra from GaN:Eu 10-mm
S [ [ cavity for several pumping peak power densiti®g,=10 kW/cn?). Photo-
£ q "“ graphs of edge emission from GaN:Eu cavities of various lengthd,at
E «"»'c" =1.14 MW/cnt: (b) 0.1, (c) 0.5, (d) 0.8, and(e) 0.9 cm.
B 10 S - |
E s Edge emission spectra from the 1-cm cavity length are
P, = 10kWiem? 2 shown in Fig. 2a) at different pump peak powers. A sharp
2 increase in output emission is observed as the pump power is
1ls . v increased beyond a certain level. No corresponding shift of
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1000

the EG* emission-peak wavelength is observed. In Figs.
2(b)-2(e), we observe that the red emission from the sample
FIG. 1. (a) Spectrum of edge emission from GaN:Eu op@{ substrate(b) e_dge has a different intensity di_StribUtion at_ diﬁerem e_XCit_a'
Integrated output intensity and spectral width as a function of input peakion lengths. For the 1-mm cavity length, light emission is
power density emission. SE threshetd.0 kwW/cn?. confined to the GaN:Eu thin-film active lay¢Fig. 2b)].
However, surface emission emerges for the longer cavity ex-
\5 amples[Figs. 2¢c)-2(e)].
Oox= 7 I(\), (1) We used the variable stripe length methbh measure
o[ /N(N)dN]8mne the optical-modal gain of GaN:Eu. A one-dimensional ampli-
fication model(which excludes gain saturation effects
where 7=7p,/ 7r is the radiative quantum efficiency of the ysed to obtain the modal gain values,
upper laser statey is the radiative lifetimel(\) is the spec-
tral emission intensityg is the velocity of light in vacuum,
and n is the refractive index of host materigh~ 2.3 for |
GaN). The radiative transition of Ei emission in GaN host
is knowrf to be very strong, resulting in an RT value gf
~0.9. 75, of ~280 us was experimentally obtained. Thg, is the spontaneous emission intensity per unit akres,the
at the peak wavelength is then calculated to b6€.8  excitation length, and,.{cm™?) is the net modal gain.
% 1072° cn?. This value is of the same order as that reported  The inset diagram in Fig. 3 depicts the experimental con-
for RE-doped crystaI]§ and~10x higher than that found in figuration, including a traveling knife edge that defines the
RE-doped glasse?. excitation region. The intensity increases exponentially with
Since GaN:Eu exhibits strong Eu-related emission buexcitation length until the saturation lendil) is reached. To
no intrinsic (near-band-gapemission under strong above- determind, the derivative of the measured intensit/dl)
band-gap pumping, the excitation conversion process is verng plotted against the cavity length. This method shows that
efficient. Another consideration is the thermal population ofd| /dI increases until gain saturation, followed by a rapid
the lower laser level’F,). This level is known' to be  decrease. Fitting Eq(2) over the unsaturated gain region
~0.125 eV above the ground level. Therefore, the thermallyonly, we obtain the small signal gain, which is effectively the
induced populatioriN,) of ‘F, at RT is 100 smaller than net modal gain. Since material gain increases with pumping
that of the ground level. In this case the population inversiorpower, the sample excited with a higher pump power density
value iSAN=N,—-N; = N, (the population of the higher laser has a shorter saturation length. Therefdsés inversely pro-
level). This indicates that population inversion should beportional to the input power density. In our measuremdats,
relatively easy to achieve. varied from~0.05 to~0.1 cm depending on power density.
Other factors to be considered are changes at the SEt excitation lengths beyond, surface emission begins to
threshold in the lifetime at the peak wavelength and the poeccur [Figs. 2c)-2(e)]. The solid line in Fig. 3 is a fit ac-
larization. Above threshold, a reduction-fl5% in the E&*  cording to Eq.(2), yielding a net modal gain of 42.8 ¢
emission lifetime and a TE mode emissiefil.5X higher  This modal gain value is higher than that typically

than TM mode emission were measured. measurell for dye lasers(1-10 cm!) and approximately
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wherel is the measured amplified spontaneous emisgion,
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S AL =108, 3
- P, =0.5MW/cm? Modal Gain = 42.8 cm™ |
- : where |, is the intensity generated by local excitation,
" 5 a (cm™Y) is the internal loss coefficiethet modal losg and
- 562 ] I (cm) is the distance between the sample edge and the slit.
;; o 1 The solid line in Fig. 4 is a fit according to E), resulting
2 Excitation in a calculated value of 20 crh for the modal loss. This
£ 10 st [ : value is substantially higher than that repoftéat undoped
E Substrate Moving Knife Edge ] GaN(~1.23 cn?) at a similar visible wavelengt{633 nm).
< 1 . .. . .
g Pump Beam 1 The higher loss coefficient is probably due to scattering from
o r ] crystal defects introduced by the heavy Eu concentration.
gtr-nn‘;usl;tﬁd ] Significantly lower loss can probably be achieved with im-
1 proved growth conditions.
, @ GalEu A simplified approachlbased on bulk laser operatijon

allows us to calculate the approximate concentration of ac-

¢ R 01 O k2 0% 03 tive optical centers using the material ggmodal gain+

Excitation Length (cm) modal los$ and the SE cross section,
FIG. 3. (Color online, Peak emissioil620 nn) vs excitation stripe length. «_ Om
The open circles are measured data and the solid line is fitted curve with N = 0__- (4)
one-dimensional amplifier model. Inset: schematic diagram of variable ex
stripe length measurement. For our GaN:Eu structure, we calculat®&l'(Eu)~9

X 1079 cm? or ~1 at. %. This value is of the same order of

doped with Er and oxygef#5 cnl). Our value is also sig- REbased lasing action in a semiconductor is demon-
nificantly higher than that report&for Nd-doped glass strated using optical pumping of a GaN:Eu thin-film cavity.
(~0.07-0.15 crrb). The low SE threshold~10 kW/cn?) and the strong modal

The optical modal loss at the peak wavelength is meadain (~43 cnit) are positiye indicgtors for obtaining electri-
sured using the shifting excitation spot metfod@he losse  Cally pumped lasing in this material system.
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