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Photoluminescence and deep levels in lattice-matched InGaAsN/GaAs
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Temperature-dependent photoluminescence measurements and deep level transient spectroscopy
have been made to identify defects and deep level traps in InGaAsN alloys lattice-matched to GaAs.
The epitaxial layers were grown by molecular beam epitaxy at different substrate temperatures.
Defect levels responsible for the quenching of luminescence with increase of temperature have been
identified. Several electron trap levels have been identified and characterized in the alloys. The
concentrations of all of these increase with N content in the alloy. A dominant center, with an
activation energy of £=0.44 eV, is present in all the samples and its concentration is inversely
proportional to photoluminescence intensityGHand O present in the source nitrogen are believed

to be responsible for the presence of this trap, which also has characteristics similar to the E3 and
E4 levels in molecular beam epitaxial GaAs.
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I. INTRODUCTION (MBE) system, which is equipped with solid sources for the

The GdAs,N) dilute nitrides are emerging as important Group Il elements and arsenic and an applied-EPI Uni-Buib
materials for band gap engineering in a host of devicdadio frequencyRF) plasma source for nitrogen. An ultra-
applications:™ These are primarily driven by the uniquely high-purity blend of nitrogen and arggt4.9 at % nitrogen
large bowing parameter in the GaAsN syst‘érﬁoweven is used with a low flow-conductance aperture to achieve low
under near-equilibrium growth conditions, immiscibility, flow rates of monatomic nitrogen while maintaining suffi-
clustering, and the formation of N-N pairs and complexes aréient pressure in the plasma source to maintain the plasma.
promoted. The composition range in which GaAs:N behave&xtremely low gas flow rates of approximately 0.1 sccm are
as a regular alloy is very limited. Progress in the epitaxy ofmaintained with a needle valve and set to a constant nitrogen
these alloys has been largely achieved by growing under faiartial pressure of 2 107 Torr using a Stanford Research
from-equilibrium conditions and by using a highly reactive Systems residual gas analyzer on the growth chamber for
nitrogen precursor as the source. To suppress phase sepdpgiter consistency between growths. A radiatively coupled
tion effects, the N-containing alloys are usually grown at lowthermocouple is used to monitor the temperature of the sub-
temperatures, leading to poor photoluminescence intehsitystrate, which is indium-mounted to a molybdenum block dur-
This is Compensated, to a |arge extent, by post growtﬁng growth. The temperature offset between the GaAs wafer
aﬂne;ﬂ"ﬂg‘:""7 although the degradation and anneal mechanisngnd the thermocouple is determined by observation of initial
are still subjects of study. In spite of these hurdles, laser§Xide desorption from the surface of the wafer by reflective
containing dilute nitrides in the active region have beenhigh-energy electron diffractiotRHEED). The offset is as-
demonstratef§* The realization of high performance de- sumed constant across the range of growth temperatures and
vices serves as a motivation to improve materials qualityiS less than 10°C for all samples.
including the luminescent and transport properties. Lattice matching and approximate compositions of the

The Gd4As,N) alloys grown on GaAs are under biaxial quaternary films were measured by double-axis x-ray diffrac-
tensile strain. Addition of small amounts of In helps to com-tion (DXRD) measurements on calibration samples of
pensate for this strain and lattice-match the quaternary allo@-5 #m ternary films(InGaAs and GaAsN Measurements
to the GaAs substrate. At the same time, the addition ofvere taken along th@04) and(1159) crystallographic axes to
indium lowers the band gap slightly. Low-temperature€nsure that the films were not relaxed. Once suitable nitrogen
growth under far-from-equilibrium conditions can lead to Plasma-cell parameters and indium cell temperatures were
nonradiative defects and deep levels. Most deep level studigstablished, these parameters were kept fixed while the gal-
in these materials have been restricted to thin films of théium flux was varied to produce various lattice-matched
GaAs,N) alloys. In the present study, we have undertaken £0mpositions. Varying the gallium growth rate from 1.5 to
detailed characterization of deep levels in InGaAsN growr3 A/s resulted in nitrogen compositions from 0.55% to
by molecular beam epitaxy and have correlated these resulfs27%, respectively, with negligible impact on thie]/[N]
to temperature-dependent photoluminesceftg data from  ratio. Using this procedure, plasma cell parameters could be

the same set of samples. maintained constant for all quaternary compositiong.n
thick lattice-matched IgGa,_3As; N, epitaxial layers
II. EXPERIMENTAL TECHNIQUES were grown at substrate temperatufigg, of 450, 500, and

The epitaxial layers of InGaAsN were grown @01 Si 550°C and with nitrogen compositions of 0.27%, 0.35%,
dopedn® substrates in a Riber 32P molecular beam epitaxyand 0.55%. All the samples were lightly Si dopéu~5
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X 10* cm®) and annealeth situ under Ag overpressure at 10 E
650°C for 20 min.In situ RHEED patterns remained bright
and streaky after 20 monolayers of epitaxy, indicating a
smooth, layer-by-layer growth for all the samples. Lattice
matching was confirmed by DXRD after growth; a single
peak with less than 55 arc s full width at half maximum was
observed for all samples.

Temperature-dependent photoluminesceiee) mea-
surements were performed with the samples mounted in a TS 1.20 125 1.30 135
closed-cycle helium cryostat. The excitation source is a Photon Energy (eV)
5145 A Ar* laser. A narrow-band Fabry-Perot etalon is used
to prevent other excitation lines from reaching the samplefIG. 1.  Photoluminescence from a typical lattice-matched
while a wide-band color filter is used to block the reflectedMo.015%.ssAS0.00adNo.coss GaAs layer at various temperatures.
5145 A laser light from the spectrometer. The laser beam is
focused to a~60 um spot, so the power density is estimated peak. Double-Gaussian fits were made to the PL spectra to
to be 500 W/crh for an incident power of 15 mW. The lu- more accurately resolve peak positions for the two transi-
minescence from all samples was bright enough to be medions.
sured without lock-in amplification using an Ocean Optics  The variation of the PL peak intensity for the two tran-
charge coupled deviq€€CD) spectrometer. Spectra from the sitions in a 0.55%N sample grown at 550°C are shown in
CCD spectrometer compared favorably to those collected oRig. 2@), which illustrates the thermal quenching character-
a 1 m spectrometer using a LNooled photomultiplier tube istics. The 1.326 eV peak shows stronger thermal quenching
and lock-in amplification. Analysis of the decay in photolu- than the 1.367 eV peak. Similarly, Fig.(2 shows the
minescence signal with increasing temperature yields the elemperature-dependent intensity in 0.55%N samples grown
ergy of shallow traps and relative trap densities. at three different substrate temperatures. It appears that the

Deep-level transient spectrosco@LTS) measurements PL is quenched faster in the sample grown at higher tempera-
were made on circular 50@m diameter gold Schottky di- ture.
odes. Standard Ni-Ge—Au ohmic contacts were formed on
the backside by evaporation and a subsequent anneal. Meg- evel .
surements were performed with the diodes placed in a vari-- Deep-level transient spectroscopy
able temperature cryostat and with a SULA Technologies DLTS measurements are usually done with a Schottky
automated DLTS system. Capacitance-voltage measuremertide or ap—n junction. Majority carrierelectror) traps are
were performed on the diodes at room temperature to deter-
mine the background carrier concentration. DLTS measure-
ments were made with a quiescent reverse bias of 0.5V
applied to the diodes, corresponding to a depletion width of
0.6 um, or roughly half the film thickness. The filling pulse
height was also kept constant at 0.6 V. The DLTS signal was
recorded as temperature scans for different rate windows.

PL Intensity (arbitrary units)

=]

p—
[=]

Ing 017Gag.983A50.994No 006

Normalized PL Peak Intensity
=)

Minima in the AC/C signal correspond to thermal emission . 133223

from deep levels in the bulk material. Analysis of data for '

several rate windows yields activation energy, capture cross o "

section, and concentration of deep level states. 1075 20 40 60
(a) 1000/T (K1)

Ill. RESULTS
A. Temperature-dependent photoluminescence

All quaternary samples, grown at different substrate tem-
peratures and with varying nitrogen content, exhibited two
close but clearly distinct photoluminesceifL) transitions,

E, andE,, in the intermediate temperature rangel00 K).

At low temperatures, the high-energy peak appears as a
shoulder of the low-energy peak, while near room tempera-
ture, the opposite is true. As the sample temperature is in-
creased, the intensities of both transitions are quenched. Rep- (b
resentative data for a sample containing 0.55%N grown at o _ _ o
450°C are shown in Fig. L. It s noted that the high-eneray, > % v o omtescence s enely v et erpere
transition becomes dominant at higher temperatures, angqb) for the low-energy(13.7 e\ transition,E, in 0.27%N alloys grown
quenches at much higher temperatures than the low-energy different substrate temperatures.
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TABLE |. lonization energies of defecta\E,, contributing to the thermal Temperature (K)
quenching of photoluminescence in lattice-matched InGaAsN/GaAs 400 300 250 200 150

Vi Fawa
samples with various nitrogen compositions and growth temperatures. Each 10000

/

W450,027%

T N % combination represents a single samjle.and E, refer to the 'i;’gg;:
peak energies of the transitions observed in the photoluminescence spec- €250 0.35%
trum. 1000 £500,035%

[0550,0.35%
©450,0.35%

Defect ionization energyAE,(meV) ¥ ©500,0.55%
s 100 ¥550,055% A
N 450°C 500°C 550°C
Content
%) E E, E B E E, 10
0.27 24 37 10 10 12 12
75 45 45 57 51 1 f—* 7 7
170 2.5 35 4.5 5.5 6.5
0.35 18 30 26 25 26 16 1000/T (K™
40 170 . T, ) )
130 FIG. 3. Arrhenius plots of deep-level_ traps identified in Fhe various lattice-
matched InGaAsN/GaAs alloys. Solid lines represent fits to the measured
0.55 13 26 29 15 15 25 data. The dashed line labeled E4 is a previously observed trap in MBE
30 165 50 65 GaAs. The trapezoidal region representing trap DN3 included a reduced
120 number of data points for clarity.

filled in an n-type sample with a forward bias pulse. When Te max™= ﬁ (4)

the diode is reverse biased, to maintain charge neutrality in 2

the depletion region, the trapped electrons are reemitted from, .,,, depends only on the sampling times. By choosing dif-
the deep levels with a temperature-dependent emission tinferent sampling times; andt,, a series of temperature scans
constant. As the electrons escape from the traps, the deplean be generated, from which an Arrhenius ploTHE,7e max
tion region width is reduced, thus causing a time-dependentersus 1T,,, is obtained.

change in the diode capacitaniceThe resulting capacitance

transient is measured using a capacitance meter and the 6% RESULTS AND DISCUSSION

pacitance of the diode is sampled at timied; andt,. The

differential capacitance\C is plotted for different tempera- Thermal quenching of photoluminescence intensity is

tures and the function exhibits a maximum at a characteristigenerally attributed to the presence of nonradiative defects

temperaturel ,(t1,to). and deep-level traps. In this case, the variation of intensity
The capacitance of a Schottky diode is given by with temperature is given by the equation

_ Qereg | Nscdt) I_ — 1
CO=AVTS V=V’ @ lg 1+ce BT 4 g dBkT .. ®

whereA is the area of the devicdl,, is the time-dependent Where for trapn, AE, is the activation energy and, is a
trapped charge densitgncluding ionized impurities and proportionality constant related to the capture cross section,
trapped charge V,; is the built-in potential at the metal-
semiconductor interface, V is the applied bias, gnel, and 100

; . X 100 T
g have their usual meanings. The time dependende,gf) -
is given by Ng.(t)=Np—Ngq(t), whereNp is the concentra- =Y
tion of donor atoms anbl,(t) is the time-dependent concen- é 10 Juu
tration of trappeq charge in the depletion region. Rearrange- 2 -
ment of terms yields 1 .
10° 107 107
No/(Np-Ny)

C(t):CO\/l—NJlil&, 2

where Nyq(t) =Ngq(0)exp(-t/ 7). The temperature depen-
dence of the time constant,, is given by

T2, = exp(E+/KT)

Te

PL Peak Intensity (arbitrary units)
)

- @ 1
Y 10° 107 107"

where E; is the trap activation energy. The time constant N(DN3)/(Np-N »)

Te maw WhCh corresponds to the temperatilig, described FIG. 4. Dependence of the photoluminescence intensity of lattice-matched

above, is Obtgined by differentiatingC(t,—t,) with respect g grown InGaAsN/GaAs on the density for DN3 and on the total trap
to 7, and settingdAC/d 7.=0. Thus, density(inse).
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TABLE IlI. Activation energy, capture cross section, and concentration of deep-level traps identified in lattice-matched InGaAsN/GaAs sptaxith la
various nitrogen compositions grown by molecular beam epitaxy at different substrate temperatures.

Toud°C)

N 450 500 550
content

(%) Er(eV) 0. (X10¥cem?) Np (X108 cm®) Er(eV) o, (X10*cem?) Ny (X108 cem®) Er(eV) o, (X107 cem?) Ny (X10° cmd)

0.27 0.27 6.0 1072 1.0 0.45 15 3.4 0.45 15 3.6
0.27 10.0 0.4 0.39 8.0 3.7 0.43 15 3.2
0.35 0.45 15 2.8 0.45 15 5.4 0.62 15 11
0.45 15 18.1
0.27 10.0 11.5
0.55 0.62 15 54 0.52 2.0 15.8 0.62 15 16.2
0.45 15 13.6 0.45 15 6.8 0.52 2.0 11.3
0.39 8.0 3.6 0.43 15 11.3 0.45 15 9.7
0.27 10.0 5.4 0.43 15 15.7

trap density, and electron-hole wave function overlap. Datalloy system, which may be related to impurities present in
similar to that shown in Fig. 2 have been obtained for allnitrogen. It is also very similar to the traps labeled E3 and E4
samples and analyzed according to E5). The dashed lines in MBE GaAs® In contrast, traps labeled DN4 and DN6

in Fig. @) indicate fits to the measured data. The results ar@ccur in one sample each. Their origin is therefore attributed
outlined in Table I. It is apparent that PL quenching at highto unknown impurities. In general, trap densities increase
temperatures is caused by a number of shallow and nonshalith N content in the alloy and growth temperature. There-
low (nonhydrogenig defect states which may be related 10 fore nitrogen itself or an impurity associated with the nitro-

impurities, native defects such as vacancies, or complex d%’en source is probably responsible for the formation and

fects. Thoggh lower gro.vv.th temperatures have shown to derSresence of most defects that behave as deep-level traps in
grade luminescence efficientyhe samples grown at lower these alloys

temperatures in the presgn.t study show the stronggst lumi- We have investigated the relationship between PL inten-
nescence. We attribute this improvement to reduced incorpo-, e . .
ity and trap density in the various samples. In doing so, we

ration of nitrogen-related defects at low growth temperature% . .
and their removal during the subsequensitu anneal. ave plotted the total trap density and the density of the DNB

Figure 3 depicts the Arrhenius plots of the deep_|eve|center,.normalized to the measu.red bgckground ca.rrier. con-
traps identified in the various alloys grown at different sup-centration, versus the peak PL intensity, as seen in Fig. 4.
strate temperatures. Table Il lists the measured trap chara¥/hile we find no correlation between the total trap density
teristics in all the samples and Table 11l describes the trenddnd PL peak intensityinsed, it is evident that there is an
of their occurrences in the samples. A few dominant feature#verse relationship between the DN3 trap concentration and
are evident. The trap labeled DN3 is present in all thePL intensity. Since the trap concentration also increases with
samples, irrespective of alloy composition and growth tem-itrogen content in the alloys, it is quite likely that DN3 is
perature. It is therefore a dominant trap in this quaternaryelated to an impurity in the nitrogen source, which reduces

TABLE lll. Characteristics and trends in the occurrence of deep-level traps in lattice-matched InGaAsN/GaAs
epitaxial layers grown by molecular beam epitaxy.

Traps Er (eV) o, (X107 cm?) Ny (X10 cmd) Comments
DN1 0.62 15 1.0-16.0 Present only in samples with 0.55%N; trap density
increases with growth temperature. Also observed in
GaAsNRef. 19.
DN2 0.52 2.0 107 10.0-15.0 Present in samples with 0.35% and 0.55%N; trap

density increases with N content and growth
temperature; Also observed in unstrained InGaAs
(Ref. 20.
DN3 0.44 1.5 1% 0.5-20.0 Present in all samples. Density generally increases
with N content and growth temperature; Similar to
traps E3 and E4 in MBE GaA&Ref. 16.

DN4 0.27 6.0<10% 1.0 Present only in sample with 0.27%N grown at
450°C.

DN5 0.39 8.0< 107 0.2-3.7 Occurs sporadically.

DN6 0.27 1.0<10° 0.4 Present only in one sample with 0.55% Ngrown at

500°C.
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