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Mechanism for photoluminescence in an IgAs,; _ N/In,Ga; _,As single quantum well
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PhotoluminescencéL) has been observed in an As; _,N/In,Ga, _,As single quantum well on InP grown
by gas source molecular beam epitaxy at room temperature. The PL spectroscopies show redshift as the
nitrogen content increases. Through a detailed study of the dependence of PL spectra on temperature, pumping
intensity, and nitrogen content, we point out that the occurrence of PL arises from the localized states due to
potential fluctuations induced by the incorporation of nitrogen in InAs. Further evidence is supported by the
comparison between the photoconductivity and photoluminescence spectra, which show that the Stokes shift
increases with nitrogen content.

[. INTRODUCTION hydrogen can enhance the removal of surface oxide and pas-
sivate some impurities and defeésThen, the growth was
Low nitrogen content zincblende I11-V alloy semiconduc- interrupted and the substrate temperature was reduced to
tors have recently attracted much attentidndue to their 400 °C for InGa, _,As/InAs(N)/In,Ga, _,As single quantum
interesting physical properties and potential applications ofvell (SQW) growth. The SQW structure layer is comprised
optoelectronic devices. Especially, it leads to the developef two 100-nm-thick 13 s4Ga, 47As barriers and a 30-A-thick
ment of technical applications of laser diodes with a widelnAs(N) well. The growth rate for InA&N) was 1 um/h.
range of wavelengths. For instance,®& ,As,N,_,  There were no interruptions at the heterointerfaces of the
grown on GaAs substrate is suitable for long-wavelength aSQW. The gas line of the rf plasma source was switched
ser diodes at 1.3m 2 and InN; _,As,P;_, grown on InP  immediately to N gas when the growth of the first SQW
substrate, for 1.5%m laser’ Both of them are very impor- interface began. During the gas switching, the plasma was
tant for optical fiber communication. In the midinfrared 2—5 still maintained at high brightness mode. The rf power was
um optoelectronic devices, JAs; _ N alloy could be a very turned off when the growth of the SQW was finished. The
promising material. With the advantage of highly strainedbeam equivalent pressu(BEP) of the N source during the
multiguantum well lasers, it is possible to fabricate goodgrowth of the IgAs; (N SQW was around 1P-104
quality material and push the laser emission ofmbar, depending on the nitrogen flow rates. The exact nitro-
In,/As, _ N-based devices to the desired wavelength. Howgen content in the lAs, N SQW was unknown, because
ever, most of the previous reports were mainly concentratethe well-thickness is too thin to be determined by x-ray spec-
on the dependence of the Js, (N band gap on N trum measurements. Instead of the N composition, we use
compositior’* Studies on the emission property is rather lim-
ited. In this paper, we show that the,As, N single quan-
tum well can exhibit photoluminescence at room tempera-

ture. Based on a detailed study of thgAs; N quantum = |ox10® <30

wells, we show that the underlying mechanism of the emis- =

sion can be attributed to the existence of localized states due E] )

to potential fluctuations induced by the incorporation of ni- g |6x10° x285

trogen in InAs. &
%’ 5x10° x12

Il. EXPERIMENT 8

[

The samples were grown on semi-insulat{@goO) In sub- O

o

strates using VG V-80H gas source molecular beam epitaxy
system. Element In, Ga, and thermally cracked Asiid

PH; sources were used. A rf plasma source operated at a
radio frequency of 13.56 MHz was used to generate active N

0.5 0.55 0.6 0.65 0.7

species or H species. The rf power for generating N species Photon eneray (eV
was 300 W. After the thermal cleaning of the InP substrate at 9y (V)
500 °C under PR flux, the brightness mode jlasma was FIG. 1. Photoluminescence spectra ofAs; _,N/In,Ga, _,As

first ignited and a 0.Jkem-thick InP layer was then grown as SQW structures as a function of nitrogen flux at 77 K. The gas
a buffer layer at 450 °C. Some reports indicated that atomipressure is in mbar. The pumping power is 2 W.
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Nitrogen content (%) sample by a Keithley 236 source measure unit. The conduc-
00 0;1 ' 0;2 ' 0;3 . 0;4 _ 0;5 , tivity signal was detected as a change in the voltage drop
063 across the sample using a lock-in amplifier.
0.62 N
0.1} lll. RESULTS AND DISCUSSION
g 0.60 I The dependence of the #s; N SQW PL spectra on
2 A nitrogen flow rate is shown in Fig. 1. As can be seen, the PL
g 0.59 |- peak position decreases with increasing nitrogen flux. This
% 058 °* indicates a bowing effect of the band gap due to the incor-
& . poration of nitrogen in this alloy system. The PL intensity
0.57 1 degrades very rapidly with increasing nitrogen concentration.
0.56 - . These results indicate the presence of high concentration
- ) nonradiative centers. Since there is a very large atomic-size
0.85 ———, . s Py 10 difference between N and As, the large local strain from the

nitrogen incorporation in InAs crystal could result in inferior
crystallinity. As shown in the previous report for GaPN al-

FIG. 2. Dependence of the photoluminescence peak position olPys, the chemical and particularly the size differences be-
nitrogen flux for InAs;_,N single quantum wells. tween the two anions lead to localized impurity stdt&sg-

ure 2 shows the dependence of thgAls; N SQW PL peak

the BEP to divide the different samples. Finally, a Quh- energy on the nitrogen flux. The bowing parameter is esti-
thick InP cap layer was overgrown on the SQW. It is worthmated to be about 15 eV in our samples, if we assume the
noting that the nitrogen content can be roughly estimatediitrogen content is linearly proportional to the nitrogen flow
from the photoluminescend®L) peak position or by assum- rate, and the nitrogen content for the sample deposited with
ing that the nitrogen content is linearly proportional to thenitrogen flux of 9< 10~° mbar is around 0.5%This value is
nitrogen flux. in good agreement with the low nitrogen content in other

The photoluminescence measurements were carried out iH-V compound system$:13In addition, we have also stud-
a liquid-nitrogen-bath cryostat at a temperature of 77 K, inied a 0.2um-thick In/As, N sample, which was deposited
which the varied temperatured £ 77—300K) were con- at a nitrogen flux of 1.810 % mbar. From x-ray measure-
trolled by an Oxford ITC4 temperature controller. An argon ments, the obtained composition of N is 1.06%. If we assume
ion laser was used as the pumping source, which was modthat the nitrogen composition is linearly proportional to ni-
lated by a mechanical chopper. The luminescence signal wagogen flux, the estimated nitrogen content for the sample
analyzed by a SPEX 500M spectrometer and detected by @eposited with the nitrogen flux 0£910™°> mbar is 0.5%. It
liquid-nitrogen-cooled InSb photodiode with a Hamamatsuis consistent with the value obtained from the PL peak posi-
P3357-02 preamplifier. These detected signals were coriion. This result thus provides the justification for the fact
nected to a lock-in amplifier, and were analyzed by a perthat the nitrogen content can be roughly estimated from the
sonal computer. For the photoconductiviiyC) measure- nitrogen flux. We therefore include the estimated nitrogen
ment, ohmic contacts were formed by depositing indiumcontent in Fig. 2.
drops to the four corners of the samples, and annealing the Figure 3 shows the temperature dependence of photolu-
contacts at 400 °C for 10 s. A tungsten lamp dispersed by aninescence spectra of the A8, N SQW with nitrogen
SPEX 500M monochromator was used as the photoexciteflux of 3 10~ °mbar. The redshift of the PL maximum po-
tion light source. A constant current was supplied to thesition when temperature increases from 77 to 300 K is about

Pressure ( 10 mbar)

77K—

FIG. 3. Temperature-dependent photolumi-
nescence spectra of an As,_,N single quan-
tum well deposited with nitrogen flux of 3
X 10~°>mbar. The excitation power is 2 W. The
inset shows the temperature dependence of pho-
toluminescence peak position. The solid line is
E™) the result of Eq(1) by using InAs thermal coef-
ficients.
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FIG. 5. Excitation power dependence of photoluminescence
FIG. 4. Temperature dependence of the photoluminescence i%‘pectra of IpAs, N SQW structures. The dashed line is for the
tegrated intensity. The pumping power is 2 W. sample without nitrogen incorporation. The solid line is for the
sample deposited with nitrogen flux 083L0™® mbar.
50 meV. The energy gap of InAs varies about 65 meV in the

IsarRe tel\rlngers\';u_red. range.hThlrs] sma]ler I’edSEIft Ofl. thd‘?esult implies that the PL quenching is due to the thermal
MyASy—yN QW indicates that the carriers are thermalizedg, vitation of carriers from localized states into the InAs re-

from localized states. The thermalization of carriers from ion

localized states with lower energy to higher energy will re-™" »yqitional evidence of the existence of localized states

tard the decrease of the PL peak position against tempergg,q 14 potential fluctuations is provided by the measurement
ture. For comparison, we also plot the theoretical calculationy¢ ye qenendence on the excitation intensity of the PL spec-
by using the Varshi equation, which gives the temperature,., o< shown in Fig. 5. In Fig. 5, we also show the pumping

dependence of the energy gap of a semicondifttor power dependence on the PL spectra for the sample without
5 nitrogen incorporation. It is quite interesting to note that a
E(T)=E(0) —aT/(B+T), (1 blueshift of the PL peak energy is observed for the

) InyAs; N, SQW while that of the InAs SQW remains
whereE(0) is the energy gap at~0K; « and g are ther-  fixed. The blueshift with increasing pumping power cannot
mal coefficients. The solid line is obtained by calculating Eq.pe explained in terms of sample heating, which would result
(1), in which the thermal coefficients of InAs were used forjn 3 redshift. This PL behavior is usually considered as evi-
the values ofa and 8. As expected, the experimental data dence for a strong effect of localized states on radiative re-
show a much weaker temperature dependence than theorefombination. The presence of random fluctuations in alloy
cal prediction. In addition, this Signiﬁcant character eXhibitSmateria|s can cause a Smearing of band edges and the forma-
the broadening on the high-energy side in the PL spettra. tion of tails in the density of states extending into the band

Figure 4 shows the temperature dependence of the Pgap!9-?!These localized states of band-edge fluctuations are
intensities of the IpAs;_ N SQW with the lowest nitrogen |imited in number and are easily filled by the photoexcited
content. It appears that the data cannot be fitted by aBarriers. Increasing excitation power will increase the state
Arrhenius plot. Instead, the temperature dependence is simfijling within the band tails; thus, the emission exhibits a
lar to the relationship used for amorphous semiconductorgjyeshift with increasing excitation intensity.
and disordered superlatticés According to the above discussion, if the localized states

are due to potential fluctuations induced by the incorporation
lo of nitrogen in InAs, we shall expect that there exists a Stokes
'PL:WM: ) shiftin the InAs, N SQW and the magnitude of the Stokes

wherel p,_is the PL intensityT is the measured temperature,
T, is the characteristic temperature corresponding to the en-
ergy depth of localized state8, is the tunneling factor, and

I is the PL intensity at the low-temperature limit. The solid
line is the fitting of Eq(2). The fitting value ofA is 0.02, and

Tq is 85 K. Due to the existence of localized states, €.

has been used to describe the PL behavior in many different
disordered systertf -8 therefore, it seems reasonable to in-
fer that the localization of carriers at band edge due to po- : . : : '

tential fluctuations may occur in JAs; - N SQW structures. 0.58 °F',f1 otor?-:rferg)?.(gl) 0.66 068

The value of the characteristic temperatiiggindicates that

the energy depth of localized states is about 7 meV. This FIG. 6. Photoluminescence and photoconductivity spectra of an
value is consistent with the amount of the redshift of the PLin As,_,N single quantum well deposited with nitrogen flux of 3
peak with respect to that of the InAs quantum well. Thisx 10 °mbar.

3x10° mbar
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100 formation of highly inhomogeneous material with inclusions
90| of InAs and InN phases, similar to the s, ,N alloy
so0l systen?® and thus the existence of potential fluctuations in
ol the studied materials.

S I . In one of our previous studi€swe have shown that after

E 60r e rapid thermal annealindRTA), the PL intensity of the

£ 50 In/As; N quantum wells is enhanced, the linewidth be-

g 40 - comes narrow, and the PL peak is blueshifted. This behavior

% 30k can be explained quite well by the existence of the formation

1z 200 _ of inhomogeneous InAs and InN phases in theAs N

quantum wells. It is possible that due to the RTA treatment,

or the N-As interdiffusion between the InAs and InN phases in

00"" T2 s 4 5 6 7 8 o 10 the well layer can easily occur. This process leads to an

improved uniformity of the quantum wells, hence the local-

ization depth and the PL linewidth are redued, the PL peak is
FIG. 7. Dependence of the Stokes shift ofAs, ,N single  blueshifted, and the PL intensity is increased.

quantum wells on nitrogen flux. Line is a guide for eye.

pressure (10“" mbar)

IV. CONCLUSION
shift should increase with nitrogen content. As shown in Fig.
6, there indeed exists a Stokes shift of about 20 meV for th
InyAs; N SQW deposited with & 10 ®mbar nitrogen
flux. This value is larger thabk T, wherek is the Boltzmann
constant and is the absolute temperature, and it cannot b
explained by the thermal distribution of carriers. In addition,

In summary, we report a detailed study of the PL spectra
fn In/As;  N/GaAs SQW structures grown by gas source
molecular beam epitaxy. Based on the dependencies on tem-
erature, pumping power, and nitrogen content, we point out
hat the occurrence of the PL in the investigateghsy N
we also found that the Stokes shift increases with increasinSQW structures can be _attnbuted o the recomb_lnatlon of
nitrogen content as shown in Fig. 7. It is interesting to not gxmto_n s trapped by Iopahzed states due_ to potential f I_uctua-
that the extension of the experirﬁeﬁtal data passes throuet ons induced by the Incorporation Of. nitrogen. Addmonal
zero point where the SOW contains no nitrogen. It implies vidence of the existence of the. Iocaﬁzed states is provided
: by the fact that a large Stokes shift exists between the PL and

that there is no Stokes shift for the sample without nitroger]:,C spectra. The occurrence of the N-As interdiffusion in-
wgr%rpc?c::gogﬁszh?rrs::rteﬁev%icgtleilzli\éesigztiésth;ugbt?)ervc?tinliilf rred from rapid thermal annealing implies that the origin of
. . . . : P e localization can be attributed to the formation of InAs
fluctyat|ons induced by the incorporation of mtrogfén. : fand INN phases in the well layer. The result obtained here
Finally, even though we show here that the emission ol ot only can be used to interpret, s, N quantum wells

the InAs, N SQW arises from localized states, the-onglns.t may be extended to explain the emission behaviors in other
of localized states are still undetermined. It is possible thaLitride alloys

the localized states can simply be attributed to the random
nature of the IpAs, N alloy similar to other alloy systems.

It can also be due to the large differences in atomic sizes and
electronegativities of N and As, which cause the phase seg- This work was partially suported by the National Science
regation in IgAs; (N alloys. As a result, it leads to the Council of the Republic of China.
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