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Anomalous variation of photoluminescence (PL) wavelengths with temperature was observed in/(Ge&s)
short-period-superlattice (SPS) quantum wells grown by solid-source molecular beam epitaxy with different phosphorus and
arsenic cracker temperatures. We believed that the anomalous PL behavior could be attributed to the multi-axial strain effect
existed at the abrupt InAs and GaP interfaces in the SPS structure. After rapid thermal anneal (RTA) treatment, the anomalous
PL spectra in the low temperature region disappeared but the high temperature PL characteristics remained, which revealed the
thermal stability of the (InAs)(GaP} quantum well structures and its potential in replacing INnGaAsP quaternary.
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) ature for the SPS quantum well regions and cladding lay-

1. Introduction ers is about 50@. All samples were characterized by vari-

InGaAsP/InGaP material system lattice matched to Gasble temperature photoluminescence (PL) spectroscope using
offers some potential advantages over the well-establishadelium-cooled cryostat with temperature control. The exci-
GaAs/AlGaAs system and this Al-free material system is esation source was the 476.5-nm line of antAaser.
pecially attractive for the production of laser diode3.Pre- , :
viously, the optimization of InGaAsP/InGaP interface used: Results and Discussion
growth interruptions that allow time for the residual group Figure 1 shows the temperature dependent evolution of PL
V material to be removed from the growth chamber beforpeaks from an (InAg)(GaP)» SPS MQW sample, which was
the epitaxy of succeeding layers begins. A long interruptiogrown with the phosphorus and arsenic cracker temperatures
time is usually needed to remove the residual species caet at 880C and 920C, respectively. At low measuring tem-
siderably from the growth chamber. Although an increasquerature from 20to 77 K, the peak wavelength decreases grad-
pause time will lead to more uniform growth fronts, the inually with increasing temperature. In the range between 77
corporation of background impurities at the interface must kend 150 K, however, the PL peak wavelength appears to in-
considered during each interruption. In this report, we grearease continuously with increasing temperature. The shift of
(InAs)/(GaP) short-period-superlattice (SPS) quantum weltee PL peak wavelength from 20 to 150K is only about 60 A.
using solid-source molecular beam epitaxy (SSMBE)We  To further understand the anomalous PL behavior shown in
expected SSMBE to provide a precise control of both Groupig. 1, a series of (InAg)(GaP} SPS MQW samples were
V fluxes in the valved crackers and an exact determination
of (InAs)/(GaP) compositions in the SPS structure. Our re-
sults showed that the crystal quality and interface smoothness . . .
of (InAs)/(GaP) SPS layers were indeed in a good control. | (inAs),/(GaP), SPS MQW T,=880°C |
In addition, factors such as group V flux ratio, species and T,.=920°C
the thermal anneal effect that could affect the crystal quality L
were also discussed in order to get a better understanding of
the growth mechanism.

20K

2

2. Experimental Details

All of the (InAs)/(GaP) short-period-superlattice multiple-
quantum-well (SPS MQW) layers were grown in a RIBER

PL Intensity (a.u.)

32P system equipped with phosphorus and arsenic valved L UL .
crackers. Based on the lattice constant of GaAs (5.6533 A),

GaP (5.4512 A), and InAs (6.0584 A), the thickness of indi- i 90K

vidual InAs and GaP layers in the SPS structure was set at

a ratio of 1:2, in order to match the lattice constant of the i 120K i
GaAs substrate. In the full structure, the lower confining

layer is a 0.2em IngsGasP. The well regions contain five 150K

guantum wells and four barriers. The barrier and the upper - - . . -
confining layers are §xGaysP of 100 A and 200 A, respec- 7500 8000 8500
tively. Each quantum well contains 8 pairs of (Infgf¢faP) Wavelength (A)

SPS layers which is about 80 A thick. The grovvth temperlfig. 1. Temperature-dependent PL peak wavelength of the (In&aP»

SPS MQW samples with phosphorus and arsenic cracker temperatures of
*E-mail address: u8324541@cc.nctu.edu.tw 880 and 920C, respectively.
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grown at different phosphorus and arsenic cracker tempetae InAs layers and/or the As residue in the ensuing GaP lay-

tures, or P/As ratios. ers. Either way or both mentioned above can decrease the

In Fig. 2, (InAs)/(GaP} samples grown with phosphoruseffective band gap energy or increase the peak emission wave-
and arsenic cracker temperatures set at 1028nd 920C length. On the other hand, in samples A and B, higher phos-
respectively were denoted as sample A. Those grown wighorus cracker temperature resulted in a longer peak wave-
phosphorus and arsenic cracker temperatures set respectivehgth though the effect is not as emphatic as in the higher
at 880C and 920C were denoted as sample B, and thosAs temperature case. Since a higher phosphorus cracker tem-
grown with phosphorus and arsenic cracker temperatures petature means a highep/P, ratio, if more B is involved
respectively at 88 and 660C were denoted as sample C.in the crystallization due to its higher chemical reactiveness,
Below 90K, all samples revealed a blue shit or decrease tiife effective band gap energy should increase instead of what
PL peak wavelength with increasing temperature. When theas observed in the real situation. Therefore, in this case, we
temperature is higher than 90K, all of the peak wavelengtlielieve that more In incorporation should be the main cause
increase as the temperature increases. Note that changingdahthe longer emission wavelength observed in sample A.
P/As ratio did not prevent the appearance of the anomalousin contrast, in the low temperature region, all three samples
behavior, but it could affect the intensity and peak wavelengghowed almost sporadic peak wavelength variations. Since
of the anomalous behavior. Since the only difference betweéw temperature luminescence is more of a reflection of lo-
samples A and B is the temperature of the valved phosphortalized radiative recombination, the exact compositions of
cracker, the difference observed in the PL spectra betweadjacent regions and the interfaces in the (InAs)/(GaP) SPS
these two samples should originate from either the variatictructures should affect more on the luminescence property
of phosphorus flux magnitude or the/P, ratio in the flux. than the overall equivalent composition. Therefore, another
In addition, because the difference between samples B aset of samples was treated with rapid thermal anneal (RTA)
C is only the As temperature, the variation of the PL peaknethod. There are two purposes for this test, the first is to
wavelength between them should originate from the As flusheck the thermal effect on the luminescence property and the
magnitude or the chemical reactiveness of the arsenic specesond is to confirm the thermal stability of the (InAs)/(GaP)
involved in epitaxy. SPS quantum well structures. Figure 3 shows the comparison

According to our study, a higher P cracker temperaturef PL peak intensity and temperature dependent peak wave-
can yield a higher }#P, ratio in the flux and a higher As length measured from samples with and without the post-
cracker temperature can also produce a higheyA&s ra- growth RTA treatment. These two samples were taken from
tio in the flux. It is well known that Asis more chemically the same (InAg)(GaP} SPS MQW wafer grown with the
reactive than Agand we expect a similar trend between Pphosphorus and arsenic cracker temperatures set at 1020 and
and B. Meanwhile, at higher temperature, the luminescen@&@60°C, respectively. Thex situRTA was performed at 72C
peak usually is an indication of the overall composition ifior 5s. The 77 K PL intensity and the wavelength spectra of
the SPS layers due to the stronger kinetic behavior of carrigfrge test sample before and after RTA were shown in Fig. 3(a).
that could result in more prominent thermal emission and/dthe peak intensity increased significantly after the RTA treat-
tunneling effect. Therefore, the peak wavelength revealed byent. The wavelength experienced a slight blue shift of about
sample B at 200 K indicated that sample B has either a high&® A from 8095 to 8016 A. The greatly increased PL peak in-
In content or more As incorporation than sample C. Bottensity is apparently an indication of crystal quality improve-
situations could exist if Asis indeed chemically more re- ment from the RTA treatment. On the other hand, the slight
active than As and that can increase the In incorporation irpeak wavelength shift of samples undergone RTA treatment

demonstrated the thermal robustness of the (IpAGRPY
SPS layers. Since (InAg]GaP) SPS structure has an aver-
(InAs)(GaP), SPS MQW A age lattice constant matched to the GaAs substrate, the strain
/: enhanced diffusion was apparently not being an issue in our
A samples, and that shall be one of the key issues for the success

. of replacing InGaAsP quaternary with the SPS layers.

Figure 3(b) shows the temperature dependent PL peak
wavelength measured from the same two samples. Also
shown is the temperature dependent band gap variation of
i bulk GaAs resulted from the simulatidhln the as-grown
condition, i.e., without any RTA treatment, the abnormal
wavelength variation in the range from 13 to 200K is un-
A: T =1020°C, T, =820°C stable, similar to the other samples shown in Fig. 2. Af-
B: T=880°C, T,=820°C | ter RTA, the peak wavelength becomes stable. Despite their
C: T=880°C, T,=860°C drastic difference in wavelength dependence on temperature
T S S — from 13K to 200K, similar peak wavelengths were observed
° %0 100 %0 200 both at 13K and 200K. Furthermore, it is interesting to

Temperature () see that the RTA treated (InA#jGaP} SPS MQW sam-

Fig. 2. Temperature dependence of the PL peak wavelength of ghAsple showed a temperature dependency of the PL peak wave-
(GaP} SPS MQW samples grown with different phosphorus crackefangihy similar to bulk GaAs. The PL peak wavelength shift
temperature Tp) and arsenic cracker temperatur€d). Sample A: . .

T, = 1020C, Tas = 920°C. Sample BT, = 880°C, Tas = 920°C. of this (InAs)ll(GaP) SPS Sample is about 270:& from 13K

Sample CTy = 880°C, Tas = 660°C. to 200K, and that of the simulated GaAs bulk is about 290 A

8200 -

[
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T T T T T T T so dominant and that gives a chance for the PL spectra to show
ﬂ"_ﬁ:’;ﬁ?;’l’s_';:'?fw @ the multi-axial strain effect occurring in the SPS layers. We
a ol believe that the multi-axial strain should be resulting from the
T abrupt InAs and GaP interface in the SPS structure. Due to
the difference of lattice constants and thermal expansion co-
efficients, a thermal stress should be generated at the interface
. of these two regions, although it was prominent only at low
temperature but disturbed at high temperature by the substrate
expansion. The anomalous PL behavior was apparently a re-
1 flection of the existence of this thermal stress. However, this
thermal stress existed only when the abrupt interface existed
and would disappear when the sample was annealed which
. would smear out the interface. It has also been shown pre-
o e T e oo e 5050 viously _that peculiar PL phenomena were possible to be ob-
Wavelength (&) served in both (InAs)/(GaAs) and (InP)/(GaP) SPS layers due
to the multi-axial strain effect®) More advanced measure-

U ment works are need to fully understand this phenomenon.

------ As Grown
| ——RTA 710°C 5 sec

PL Intensity (a.u.)

—H—As grown

8400 —O—RTA710°C 5 sec 1 4. Conclusions
------ GaAs bulk - ) ) ) _
In summary, since a high PL peak intensity was con-

sistently obtained in our study and a high thermal stabil-
ity was proven by the RTA treatment, we believed that the
] (InAs)/(GaP) SPS layers have great potential in replacing the
InGaAsP quaternary. In addition, we also observed anoma-
lous temperature dependent PL behaviors in the (InAs)/(GaP)
SPS samples. Altering the group V species ratio did not elimi-
28000 |- _ nate this anomalous phenomenon but only vary its magnitude.
However, this PL anomaly can be eliminated by thermal an-
. . ) ) ) neal, since the (InAs)/(GaP) SPS sample with RTA treatment
0 50 100 150 200 showed a temperature dependent PL spectrum similar to bulk
Temperature (K) GaAs. We believed that the anomalous PL behavior actu-
Fig. 3. (a) 77K PL spectra of the (InAgjGaP) SPS MQW sample with  ally is an evidence of the abrupt interface in the (InAs)/(GaP)
and without RTA method. (b) Temperature-dependent PL peak wavelend8PS structure. This abrupt interface could be smeared out by
of the sample shown in (a). The dash line shows the variable peak waygre RTA treatment, but the integrity of the (InAs)/(GaP) SPS
length of simulated GaAs bulk. - .
guantum well structure could withstand an annealing temper-
ature as high as 73Q. Therefore, optimized (InAs)/(GaP)
SPS structures have high potential in practical devices appli-
within the same range. The anomalous photoluminescencation. More work is planned to develop a better control of the
behavior in the low temperature range had been observedi@mperature dependent PL characteristics and emission wave-
many (In, Ga)/(As, P) structures with different growth conditengths on the (InAs)/(GaP) SPS structure.
tions and systems!V) The cause of the anomaly had been
attributed to a high degree of orderifignulti-axial strain dis- Acknowledgements
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