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We demonstrat the growth of smal bard gap (E;~0.6eV) strainal ard lattice matchel single
crystd InGaAN alloys on InP substratesinGaASN layers with N concentratioa varying from
0.6% to 3.2%% were grown by gas sour@ molecula bean epitayy using a radio frequenyg plasma
nitrogen source Lattice-matched0.5-um-thick InGaAsN layers with smooth surface morphologies
ard abrup interfaces were achieved Low temperatue photoluminesceremeasuremestreved a
bard gap emissim wavelengh of 1.9 um (at 20 K) for lattice matched InGaAsKN~2%). Tensile
straine Ing 54Gay 4AS/INg 54858 47ASp.99dN0 00 MUltiple quantum wells emitting at 1.75 um at 20 K
are alo reported © 199 American Institute of Physics [S0003-695099)04109-1]

InGaA alloys grown lattice matchel to InP substrates
are widely used as materiab for lases and detectos at opti-
cd fiber communicatio wavelengths:? For detectors the
long wavelengh cutoff is A\co=1.7um, determined by the
bard gep of the lattice-matchd Ing 54Ga 47/AS absorption
layer3 The cutoff wavelengh for InGaAsP-basglases is 2
um, limited by the maximunm compressie stran tha can be
accommodatkin InGaAs quantum wells forming the active
region? Detectos with respone extendig beyord 1.7 um
haw been fabricatel using In-rich lattice-mismatched
InGaAs layers® However highe dak currens due to de-
fectsin the relaxed lattice-mismatche InGaAs layer and the
neeal to have compositionaly gradel buffer layers to reduce
dislocatiors make detectos with lattice matche absorbing
layers a potentialy superio approact. In this work, we
demonstrat tha strainel and lattice-matchd InGaAN al-
loys on InP can exterd the wavelengh of photont device
operatio beyord that accessit# to the InGaAsP/IrP system.

Recently it was propose tha the addition of a small
fraction of nitrogen into groyo Il arsenids and phosphides
resuls in a materia (called a mixed nitride) with a smaller
bard gap than the correspondig binaly compound. A large
bard ggp bowing parametedue to the high electronegativity
of nitrogen is believed to be responsik for this unusual
propery of mixed nitrides’ Subsequentlynumerois experi-
mentd repors of a reductio in bard gap for various nitro-
gen containirg ternay alloys have bee publishedf 2 Re-
cently, InGaAN basa light sourcs sud as 1.3 um
wavelengh laserd®'* ard 1.45 um wavelength light emit-
ting diodes* were demonstrate on GaAs substratesCom-
pared to growth on GaAs report of mixed nitride growth on
InP substrate are limited. Nitrogen fractiors up to 1% were
reportal in InN;_,P,/InP layers grown by gas sour@ mo-
lecula bean epitayy (GSMBE).'® Also, quantun wells em-
ploying INNAsP with emissio in the 1.1-1.5 um wave-
lengh range have been reported-®

Basel on the bowing paramete for GaN,As;_,’ and
InN,As; _,,*” we hawe calculatel the bard gap of InGaAsN
alloys on InP. The bard ggp data were extrapolatd using
Vegards law from experimenthard calculatel data for the
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four ternay compounds namey InGaAs® GalnN/
GaNAs! ard InNAs.}” The bard gap cutoff wavelengtis of
In,Ga, _,As; N, alloys shown in Fig. 1 are plotted along
contous correspondig to compositios required to achieve
eithe lattice matchel or strainel layers on InP® From the
plot, we find that for N concentratios as low as 4%, we
anticipae wavelengh cutoffs of 2.0 um, extending to 2-5
um for highe nitrogen concentrations Compressively
strain@ layers employal in quantum wells may exterd the
wavelengh of InP-basd lases into the 2-3 um range. At
N>12% the bard ggp drops rapidly to zem as InGaAsN
become semimetallic.

To ted the predictiors of Fig. 1, InGaAN alloys with
varying N concentratioa were grown by GSMBE on semi-
insulatirg (100 InP substrate$® Groyp V elemens were
obtaine by thermally cracking PH; and AsH; at 900°C. To
generat the active N species ultrahich purity nitrogen gas
was introducel via amas flow controlle into aradio fre-
queng (rf) plasma source?® After oxide desorptim from the
substra¢ a 500°C, a 0.2-um-thick InP buffer layer was
grown at 480 °C. The growth was interruptel and the sample
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FIG. 1. Band ggp cutoff wavelengh (A>1.7 um) and lattice constant for
InGaAN alloys mixed as afunction of N and Ga atomc fraction.
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FIG. 2. Double crystd x-ray rocking curves (004 reflection) of a series of
INnGaAN samples grown at fixed In and N fluxes but a varying Ga flux
obtainel by changiny ba® temperatue on the Ga Knudsen cel while main-
taining tip temperatue at 1015 °C.

temperatue reducel to 320-370°C unde an AsH; over
pressure Then a high-brightnes nitrogen plasna was initi-

ated ard the N, flow and rf powe (65-125 W) were ad-
justed to achiewe the desirel N/As ratio, at a constam AsH,
flow of 1.5 sccm A 514 nm wavelength Ar-ion lase ard a
closal cycle helium cooling systen were usal for low tem-
peratue photoluminescere (PL) measuremestof the epi-
taxid layers Transmissio measuremestwere performed
using a tungsten-halogesoure usal in combinatio with a
Fourie transfom infrared (FTIR) spectrometer.

A series of InGaAdN sample were grown with a range
of In/Ga ratios adjuste by keepirg the In Knudsen cell tem-
peratue and N flux (0.06 scan at 73W rf powep constant,
while varying the Ga fraction by changimy the bas tempera-
ture of a dual-filamem Ga Knudsen cell. For sampé A (see
Fig. 2), the In/Ga ratio was 0.52:0.8 determiné from x-ray
analyss of an InGaAs (no N) sample The well-definal peak
at 11571 on the tensik side (—0.9% strain of the InP sub-
strae ped indicates growth of a single crystd InGaAsN
film. Upon reducirg the Ga cel temperatue by ~10°C
(therely increasimgy the In/Ga ratio) the stran was reducel to
—0.3% as indicateal by a shift in the InGaAdN pe& towards
that of InP. Reducig the Ga fraction further, the pe&k cor-
respondig to INnGaAs\ shifts from tensik to compressive
(—283"). A final adjustmenin Ga-cel temperatue allowed
us to grow a 0.5-um-thick Iny5dGa& 41ASg 9g1No.019 lattice
matche layer with a mismath Aa/a<9x 104, wher a is
the InP lattice constant In a similar manner a lattice-
matchel sampé with ~1% N was also grown with Aa/a
<4x10™* The lattice-matchd sample exhibited asmooth
surfa@ morphology similar to InP layers with no surface
rougheniy visible using a Nomarsk microscope X-ray
rocking curves of the lattice matchel samples showal Pen-
dellosing fringesin INGaAN layers >0.5 um thick (sample
D, Fig. 2), indicating an atomicaly flat InGaAsN/IrP inter-
face ard top surface A strealy reflection high energy elec-

tron diffraction (RHEED) patten observe during growth
Copyright
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FIG. 3. Use of dynamicé x-ray simulatian analyss to estimaé the nitrogen
fraction in INnGaAsN The simulatian (thin lines) was fit to the dat (bold
lines) using known In/Ga fraction and growth rates.

alo suggesd a two-dimensionk layer-by-laye growth
mode.

The nitrogen fraction was determing by dynamical
x-ray analyss of the rocking curves assumig Vegards law
ard lattice constardg correspondig to zinc blence InN and
GaN For sampk A [Fig. 3(a)], the full-width at half-
maximun (FWHM) of the INnGaAsN pe& ard location of
eat Pendellosng fringe matd well with the modé derived
from the known growth conditions Also shown in Fig. 3(b)
is astrainal InGaAdN layer grown with highe rf power
(~95 W) but the sane N flow and In/Ga ratio as sampe D.
This resuls in anitrogen concentratia of 3.25% which was
the maximum value achieved To confim N incorporation,
INnGaAs/InGaA8l multiple quantun wells (MQW) were
grown with the sane In/Garatio in the wells and barriers the
only differene being that during the growth of the InGaAsN
well layers the shutte of the nitrogen cell was openedA 10
period  INg 53658 468S0.99MN0.006/ N0 5358 46 MQW
sampeé with 200-A-thid wells ard 300-A-thidk barries was
grown at a substrag temperatug of 350 °C. Sinae the barrier
ard well had the sane In/Ga ratio, the clea satellie peaks
sea in the x-ray data confirmed the periodic incorporatiam of
N.

Figure 4 shows low temperatue (T=20 K) photolumi-
nescene measuremest for the MQW ard two lattice
matche InGaAdN samples The pe& wavelengh for the
lattice-matchd sample shifted from 1.78 to 1.91 um, and
the intensiy decreasa with increasiig N concentrationThe
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FIG. 4. Low temperatue photoluminescerespecta of MQW ard lattice
matche& InGaAN samplesinset bard ggp cutoff wavelengh extrapolated
to room temperatue taken from PL data (point9 as afunction of nitrogen
concentration Also shown is our calculatel estimae of the cutoff wave-
length taken from Fig. 1.

tensike strainel MQW sampé showel the strongets PL
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FIG. 5. Roam temperatue transmissia specta for InGaAN layers with
~1% ard 3% N concentrationshowirg a red shift in transmissia edge
relative to a strain@ Ing 55:G& 444AS sample Maximum bard gg cutoff
wavelengh extrapolatd from da@ is A co=2.02um.

straina and lattice matchel InGaAN layers grown on InP
for significanty extendig the wavelengh range of the
INnGaAsP/IiP materid system.

peakel at 1.75 um. For these samples, no detectable room

temperatue photoluminescerewas obtained indicating the

presene of a high concentratio of nonradiatie centers.
Low temperatue PL for the lattice matchel sample also
showeal a long emissia tail below the bard gap A similar

featue has previousy been observe in InGaAsN/GaAs
QWs with 1% to 3% N concentratiorf! The low lumines-
cene efficieng of thee sample is in contradictio to the

excellenn structurd quality indicated by an atomically
smooh surfa@ and narrov x-ray peals (FWHM <60").

Thes defect may be due to vacancis induceal by the low

growth temperatureor may be due to residua stran intro-

ducel by the smal diamete N atom in agrow V site The

insd in Fig. 4 shows the bard gap cutoff wavelengh at room

temperatue as afunction of nitrogen concentrationThe data
points were extrapolatd from the low temperatue PL mea-
suremerd by including a 60 meV reduction in bard gap,
assuming a temperature dependence similar to

INg 55G@ 4As.2? The solid line is taken from the calculations
in Fig. 1. We attribut the large red shift in the data as com-

paral to predictiors to inaccuracie in our linear interpola-
tion method or to residué lattice strain Opticd transmission
specta confirm the red shift in the bard edge of InGaAsN
alloys relative to Ing 554G &, 444AS. Figure 5 shows the square
of the absorptim coefficiert («?) as a function of the inci-

dert phota enery (E), for Ing 55458 446As ard INnGaAsN
sample with 1% and 3% nitrogen The bard gap given by

the intercep with the abscisa increase monotonicaly with

N content.

In summary we hawe grown InGaAsN alloys by
GSMBE with high structur& quality on InP substratesFor a
constan nitrogen flow, the N concentratia in the films was
found to be proportionéd to the rf power. Lattice matchel and
strainel sampla with In/Ga ratios greate than 0.53:0.4 and
anitrogen concentratia as high as 3.25% were demonstrated
with a bard gap cutoff wavelengh of 2.02 um (~0.6 eV).
Low temperatue PL measuremestindicat tha the emis-
sion intensiy is reducel and the FWHM isincreasd with N
concentration Thee resuls demonstra the potentid of
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