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A GalnP/AlGalnP multiple quantum well laser structure was grown by low-pressure metalorganic
chemical vapor deposition with tertiarybutylarsine and tertiarybutylphosphine. Laser diodes
fabricated from this structure lased at room temperature. Photolumines@ceneasurements

were performed from 10 to 230 K. The PL energy increased with temperature from 10 to 70 K and
decreased above 70 K. The former was attributed to thermal activation of trapped carriers due to
localization in the quantum wells, while the latter was attributed to temperature-induced band-gap
shrinkage. The PL intensity as a function of temperature was fitted by employing two nonradiative
recombination mechanisms with good agreement, resulting in two activation energies that
correspond to losses of photogenerated carriers to nonradiative cent@@03American Institute

of Physics. [DOI: 10.1063/1.1597977

I. INTRODUCTION TBP have problems regarding generation of nonradiative re-

. combination centers in the Al-containing cladding or barrier
INP/AIGalnP laser di Ds) grown on - .
GalnP/AlGa aser diodésDs) grown on GaAs sub layers!® Furthermore, the threshold current density of

strates by metalorganic chemical vapor deposition | | h .
(MOCVD) have been intensively developed for 630—-700 anaIn.P./A GalnP lasers grown W,'t TBAS gnd TBP IS Very
wavelength range applications, such as laser pointers, pasensitive to the temperature, which is ascribed to higher non-

code readers, and digital versatile di&VD) players:~* radiative recombination rates at higher temperatures, since
In most cases, GalnP/AlGalnP laser structures are prdhe nonradiative recombination centers could be activated by
duced by employing MOCVD with hazardous group-V hy- increasing temperatuf8. Such results indicate that the
dride gases, such as arsine (Aytand phosine (P§). The  temperature-dependent behavior of carriers in MOCVD
hazards involved have been a major concern in the MOCV@jrown GalnP/AlGalnP QWs with TBAs and TBP is impor-
process. Thus, less toxic organic group-V MOCVD sourcesgant for device applications. Therefore, a systematic investi-
such as tertiarybutylarsin€TBAs) and tertiarybutylphos-  gation of the photoluminescen¢BL) properties of this ma-
phine (TBP), have been used to replace group-V hydridesg, iy system at different temperatures is necessary for

because of reduced hazard$! Devices grown with TBAs L o .
and TBP have exhibited state-of-the-art performances in Ingnderstandmg its light emission mechanisms. However, there

GaAsP lasers and GalnAs/GaAs/GalnP ladetsdowever, has been no report on the temperature-dependent PL proper-

there have been few reports on high-quality GalnP/AlGainfi€S ©f GalnP/AlGalnP laser structures grown by MOCVD
quantum well (QW) structures grown by MOCVD with With TBAs and TBP.

TBAs and TBP, which can be used for active layers of de-  In this work, a GalnP/AlGalnP multiple quantum well
vices, such as light emitting diodésEDs) and LDs!®*To  (MQW) laser structure was grown by low-pressure MOCVD
date, only Itayaet all® have reported low-temperatut@7  (LP-MOCVD) with TBAs and TBP as group-V sources.
K) pulsed operation of GalnP/AlGalnP lasers grown byPulsed-mode operations at room temperature of ridge wave-
MOCVD with TBAs and TBP. Their results show that, un- guide lasers fabricated from this material system has been
like conventional MOCVD growth with Askl and PH,  realized!® Temperature-dependent PL measurements were
GalnP/AlGalnP lasers grown by MOCVD with TBAs and performed in the temperature range from 10 to 230 K. A two
nonradiative recombination mechanisms model was pre-
dAuthor to whom correspondence should be addressed; electronic maiﬁemed to interpret the PL emission behavior over the experi-
assyuan@ntu.edu.sg mental temperature range.
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TABLE I. Sample structure. TABLE II. Material parameters of GaP, InP, and AIP used in the calculations
(see Refs. 17 and 18

Thickness  Doping concentration

Layer (nm) (cm™3) GaP InP AlP

GaAs 150 Zn: K 10% E,4 at 300 K 2.78 eV 1.34 eV 3.56 eV

GalnP 100 Zn: X 10'® Eyat 0 K 2.857 eV 1.411 eV 3.637 eV
(Al Gay 20540 4P 1200 Zn: X 10'8 m, at 300 K 0.158m, 0.077m, 0.212m,
(Al /Gay2)osdNg.ad 50 Undoped My, at 300 K 0.54m, 0.45m, 0.513m,
(Alg 4Gy ) o.54N0 4P 80 Undoped my, at 300 K 0.162m, 0.089m, 0.211m,

Gay.4dNo51P/ (Alo.sCandosdNoag”® 3 periods, 8/10 Undoped m, at 77 K 0.17m, 0.08m, 0.212m,

(Alg.4GaydosdNo.ad 80 Undoped My, at 77 K 0.67m, 0.56m, 0.513m,
(Al /G2y 3 0.54N0.ad? 30 Undoped my, at 77 K 0.17m, 0.12m, 0.211m,
(Alo7/Gay 3 o54N0.aP 800 Si: 2<10'*

GalnP 60 Si: x10'®

GaAs 200 Si: 210

n*-GaAs substraté¢100), 7° off axis towardg111) A

lll. MODELING OF INTERBAND TRANSITION
ENERGIES AND PL INTENSITY

The knowledge of the interband transition energy is im-
portant in determining whether the observed PL is from the
Il. MATERIAL GROWTH AND EXPERIMENTAL interband transition or from other radiative recombination
PROCEDURE channels. The subband energigsat the band edge of the
QW were calculated by a Schitimger-like equation using
The MQW laser structure is shown in Table I. The waferthe en\/e|ope function approximation method as gi\/en
was grown by a low-pressure horizontal MOCVD systempelow*
with planetary rotation to ensure the uniformity of the grown
epitaxial materials. AlGalnP epilayers were grown on -
n*-GaAs (100 substrates 7° off toward€l11) A to sup- 2 dz
press the spontaneous ordering in the GalnP and AlGanfghere the subscript denotes either the electrons={e),
epilayers.  Trimethylgallium (TMGa), trimethylindium  heavy holes (=hh), or light holes (=1h). #.(z) denotes
(TMIn), and trimethylaluminum(TMAI) were used as the wave functionJ, is the subband energy in the quantum
group-Ill sources; tertiarybutylarsine and tertiarybutylphos-well, andm; is the corresponding carrier effective mass in
phine were utilized as group-V sources. Silane (Jildnd  thez direction. A conduction-band offset of 0.65 was used in
diethylzinc (DEZn) were then- and p-type doping sources, the calculatiort® The values for effective masses were deter-
respectively. H was used as carrier gas. The growth tem-mined by interpolations of the binary parameters by Vegard’s
perature was 675 °C measured by a thermocouple inserted irlaw. The parameters used in the calculation are listed in
the graphite susceptor. The growth chamber pressure was seble Il. After the subband enerdy, was calculated, the
at 100 mbars. The V/IlI ratio was 75 and the growth rate wadnterband transition energy was evaluated and compared to
about 1um/h. The choice of V/III ratio was as following: Measured PL photon energy.
GalnP was first grown lattice matched to GaAs substrate. The temperature-dependent energy gap of a semiconduc-
AlGalnP was subsequently grown by introducing an Altor alloy is given by Varshni relatiotf.
source while Ga source flow rate was reduced correspond- aT?
ingly to keep the AlGalnP lattice matched to GaAs sub- Eg(T)IEg(TZO)—m, (2
strates. The optical quality of AlGalnP epilayers strongly de-
pends on the V/III ratio as in the case of phosphine-base#herea andg are constants. _
AlGalnP. The PL intensity increases dramatically with in- _ Temperature-dependent band gaps of binary alloys Gap,
creasing V/IIl ratio, and saturates above 75. Therefore, aftefXlP» @nd InP were calculated following E¢R). We choose

wards all the AlGalnP layers were grown at V/III ratio of 75. C_“z 0.5771 meV/K,_ﬂ=372 K for ?952 GaP and AIP, and

Ridge waveguide lasers were fabricated with a contact 0.363 meV/K, =162 K for InP.

ridge width of 50 um and isolated by pulsed anodic For the ternary semiconductor alloys GalnP and AllnP
discussed here, the temperature dependence of the energy

oxidation!® Details of the laser work will be published - iR
elsewhere gap on alloy composition was assumed to fit a simple qua-
' dratic form?’

The PL measurements were performed in the tempera-
ture range from 10 to 230 K using the 488 nm line of a 40  E4(A;_B,C)=(1—X)E4(A)+XE4(B)—x(1—-x)P,
mW Ar* laser, a closed cycle cryostat, a 0.5 m spectrometer, ()]
a thermal electric cooled silicon detector, and a lock-in am+where the so-called bowing paramefraccounts for the
plifier. Before the PL measurement, the top contact layer andeviation from a linear interpolation between the two bina-
most part of the top cladding layer were etched at 22 °C byies A and B. Here, we choose the bowing paramekr
H;PO,:H,0,:5H,0 and HCI:3HPOQO,, respectively, and =0.65eV for GalnP and P=-0.48eV for AlInP,
the total etch depth was aboutun. respectively.’

+U ¢ =E i, D)
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FIG. 1. X-ray diffraction spectrum of an (MGa 3)4In;_,P epilayer refer-
ence sample.

Similarly, the temperature-dependent band-gap energy OL;',

the (Aly.sG&.¢) 0 5JN0.4a° barrier layer discussed here was de-
termined by an interpolation of the ternary alloy of
Al 5dng 4P and Ggsoling 4¢P with the bowing parameté?

of 0.18 eV as shown beloW:

Egl (AlLGa ) 05dN0.4dP] = XEg(Al g 5dNg 4dP)
+(1=X)Ey(Gay 5dNng.4dP)
—X(1-x)P. (4)

In this work, the integrated PL intensity as a function of
inverse temperature was fitted with the following model in-
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volving two nonradiative recombination mechanisms de+g, 2. (3 Room-temperature light output power vs injection current for a

scribed by®2!

=1y [1+Cyexp(—E;/kgT)+Coexp(—E,/kgT)] 3,

©)

wherel is the integrated PL intensityy is the integrated PL
intensity at the low temperature limi€C,, C, are fitting
constantsE, and E, are the activation energies at the two
different temperature regionkg is the Boltzmann constant;
andT is the sample temperature.

IV. RESULTS AND DISCUSSION

X-ray diffraction spectroscopy measurements were use

ridge waveguide GalnP/AlGalnP laser isolated by pulsed anodic oxidation.
Ridge width=50 um, cavity length=1200um, frequency 10 kHz, duty
cycle=1%, and pulse widts1 us. (b) Emission spectrum taken dt
=1.1XIy, at room temperature.

without proper heatsink (frequeneylO kHz, duty cycle
=1%, pulse widtks1 us). The threshold current density
was 1.5 kA/cmi. Broad area lasers were also fabricated by
Dong et al'? from wafers grown together in the same batch
and a threshold current density of 5 kA/Eiwas obtained.
Figure Zb) shows the corresponding laser emission spectrum
theasured at an inject current of Xl;. No room-

to check the growth quality. Figure 1 shows a typical x-raytemperature operation of GalnP/AlGalnP lasers fabricated

diffraction spectrum of an (Ql:Ga& 3)«In,_«P epilayer on a
GaAs substrate. The Pendellmg fringes can be observed

indicating the abrupt interface between AlGalnP and GaAs

and uniform composition along the growth direction. By

from wafers grown by MOCVD using TBAs and TBP have
been reported by other groups.

Figure 3 shows the PL spectra of the laser structure at
10, 100, and 230 K, respectively. The 10 K spectrum is

simulating the fringes based on dynamical theory, thedominated by a single narrow sharp emission peak at 1.995

(Alg/Ga&y 9)4In;_«P thickness of 435 nm and In composition
of 48.3% can be obtained.

Figure Za) shows a typical light output power versus
current characteristicd (1) of ridge waveguide lasers fab-
ricated from the wafer. The ridge width was %6n and
isolated by using pulsed anodic oxidatibithe cavity length

eV with the full width at half maximum{(FWHM) of 20.85

meV. The luminescence was observed up to about 230 K.
The interband transition energy as a function of tempera-

ture was calculated using the model described in Sec. lll.

The resultgline) are compared to the PL peak positi@iots

in Fig. 4. The calculated interband transition energy de-

was 1200um, and no facet coating was applied to the as-creases monotonously due to band-gap shrinkage with tem-

cleaved lasers. The lasers were tested under pulsed operat

iperature as expected from E(R). However, in the low-
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FIG. 5. PLIi idth(FWHM) of the | truct functi f tem-
FIG. 3. PL spectra from the laser structure at 10, 100, and 230 K, reSpecﬁerature inewidth( ) of the laser structure as a function of tem

tively. The wafer was etched byam before the PL measurements, thus the
top GaAs contact layer and most part of the top cladding layer were re-
moved.
ture is increased, more carriers are thermally activated from

localized regions and are able to occupy higher-energy states
temperature region the PL peak position increases Witly the band-gap modulation scheme. Consequently, the QW
temperature, reaching a maximum at 70 K. The blueshifeak should be broadened and shifted towards higher ener-
from 10 to 70 K is 3 meV. In the higher-temperature regiongies, i.e., blueshift. We concluded that the PL peak blueshift
from 70 K above, the PL peak decreases with temperaturgn our sample was due to thermally activated trapped carriers
following the trend of the calculated interband transition en-jn |ocalized regions, blueshifting the PL peak. As the tem-
ergy. The blueshift phenomenon at the low-temperature reperature was further increased to above 70 K, most of the
gion was also reported in bulk GalAPin InGaN?® and in  trapped carriers attained more thermal energy and were
GaAs quantum well$*° It is believed to be caused by the “thermalized” out from the local potentional traps. These
localization of the carriers at low temperatures. A Combina'free carriers recombined in the quantum well through the
tion of possible composition fluctuation and well width fluc- interband transition recombination process. The interband
tuation and interface roughness of the QWs produces an efransition energy decreased monotonously, as the band gap
fective band-gap modulation in the growth direction, anddecreased with temperature according to &, i.e., when
thus causes local potential fluctuations, giving rise to a stag=70 K, the PL peak began to redshift.
tistical distribution of local potential minima. At low tem- The temperature-dependent linewidtBWHM) of the
peratures, the minima act as trap sites. Photogenerated carfit peak is shown in Fig. 5. The linewidth increased with
ers drift towards the potential minima as drift times are mUCh:emperature in the whole temperature range. For the inter-
shorter than radiative recombination times, the carriers argand transition, the linewidth should follow a liner tempera-
trapped by these potential fluctuations, i.e., a kind oftyre dependenétand this was observed in Fig. 5 for tem-
localization?® In the low-temperature region, when tempera-peratures above~150 K. Below this temperature, the
linewidth did not follow the same line, indicating the PL was
not purely from interband transition in the quantum well. The

2015 F ' ' ' ' temperature dependence of the linewidth belevw0 K
2.010 ] likely represented the radiative transitions by carriers that
2.005 | - were trapped by the localization potential minima. The re-
E 2.000 | ] gion between~70 and 150 K could be due to a transition
B 1905 _m from a radiative recombination of localized carriers to a ra-
::J’ 1.990 L 0.. T diativ_e_ recombination of free carriers, i.e., the interband
S q985[ o 4 transition.
S qes0f Figure 6 shows the integrated PL intensity as an inverse
. ] function of temperature. The dots are the experimental data.
1.070 L ) . At low temperatures, the integrated PL intensity dropped
coss[ @ (Experiment) e | Slowly with temperature. At high temperatures, it decreased
180f (Cf"cul'ate‘l‘) ... 1 more rapidly with temperature. This behavior suggests the

presence of two nonradiative recombination mechanisms,

0 20 40 60 80 100 120 140 160 180 200 220 240 ) ) O !
corresponding to two different activation energies at these

Temperature (K) different temperature regions. The PL intensity as a function
FIG. 4. Comparison between measured PL peak engtgs and calcu- (_)f Inverse of temperature was fitted b_y using t_he model out-
lated interband transition energlne) as a function of temperature. lined in Sec. lll. The solid line shown in Fig. 6 is the best fit
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Temperature (K) ture of the nonradiative centers is not clear from this work;
1000 s 25 16.6 128 10 85 i we suspect they originated from defects and impurities in the
b ] AlGalnP barrier layer during the growth. More work on de-
fects and impurities on AlGalnP grown by MOCVD with
TBP and TBAs is needed to yield more information on the
nature of the nonradiative centers.

V. CONCLUSIONS

Peak Integrated Intensity (a.u.)

In summary, a GalnP/AlGalnP quantum well laser struc-
ture was grown by LP-MOCVD using TBAs and TBP. X-ray

® Experiment

Fit diffraction was used to check the quality of the growth. Laser

10 e P P diodes were fabricated from this material system by using a
0 20 40 80 g 100 120 pulsed anodic oxidation method. The laser diodes worked
1000/ (K™) under pulsed operation at room temperature. Temperature-

FIG. 6. Arrhenius plot of integrated PL intensity of emission peak as func—dependent PL measurements from the laser structures were

tion of inverse temperature for the laser structure. Dots are the experiment@arried out systematically from 10 to 230 K. The interband

data, and the solid line is the best fit using two nonradiative recombinatiorfransition energy was calculated by using the envelope func-

mechanisms modelQ=3.9, C,=1565,E,=9 meV, E;=90 meV). tion approximation method. Blueshift of PL energy with in-
creasing temperature from 10 to 70 K was observed and was
interpreted based on thermalization of localized carriers. A
model of two nonradiative recombination mechanisms was

for the entire temperature range, which yieldedof 3.9 and  used to fit the temperature-dependent PL intensity with good

C, of 1565 and activation energi€s, of 9 meV andE, of agreement with the experimental data.

90 meV, respectivelyC,; and E; correspond to the low-

temperature rangeC, and E, correspond to the higher-

temperature range. The temperature-dependent PL intensifCKNOWLEDGMENTS
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