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In this study, we report the effect of the combination of Si-doped and undoped inter-layer transition
time in the strain compensated Ingg;Gag33As/Ing3sAlgs4As quantum cascade laser (QCL) structure grown
on InP substrate by Metal Organic Vapor Phase Epitaxy (MOVPE). In situ reflectance spectroscopy and
high resolution X-ray diffraction (HRXRD) technique have been used for the analysis of growth steps and
crystalline quality of QCL structures, respectively. In addition, since thickness accuracy is very important

Keywords: for QCLs, two different thickness calculation methods have been used in the Global Fit simulation pro-
QCL gram for detailed thickness accuracy of structures. As a result, optimum values for thickness accuracy
MOVPE have been obtained as 5 and 10 s between undoped and Si-doped layers, respectively, as verified by the
XRD two methods.

in-situ reflectance
thickness sensitivity
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1. Introduction

Quantum cascade lasers (QCLs) are high-performance light
sources operating in the mid-infrared spectral region (3-20 pm)
[1,2]. It offers an infrared laser application a unique combination
of compact size, high power and efficiency, and design flexibility
[3]. QCLs are laser devices bottomed on inter-subband transitions
in semiconductor heterostructures [4]. QCLs are ideal nominees for
the mid to far-infrared spectral region, as the emission wavelength
is identified by the layer width and array and not by the bandgap.
QCLs have been of major interest for a range of industrial applica-
tions, including infrared imaging and spectroscopy, as well as var-
ious defense applications such as range detection and free-space
optical communications [5-10].

The superlattices based on the InGaAs/InAlAs heterostructure
are mostly used in the construction of QCLs [11-14]. The emission
wavelength of lattice-matched InGaAs/InAlAs QCLs with InP sub-
strate covers the infrared region from 3.5 to 24 um and this gives
them the occasion to use them for chemical and biological sensing
or spectroscopy application. A particularly up-and-coming area of
application for QCLs is gas detection in the 2.9-5.3 um (first atmo-
spheric window). Besides line-of-sight telecommunications, mili-
tary countermeasures based on emissions in the first atmospheric
window are also of interest [15]. Laser realization inside of this re-
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gion is particularly difficult due to the large conduction band dis-
continuity (AEc) required. The most mature material system used
for short wavelength QCLs is the strain-compensated InP-based In-
GaAs/InAlAs [16].

The QCL core includes hundreds of thin layer repetitions with
a thickness in the 0.5-10 nm range. The growth of QCLs is cru-
cial in terms of the alloy composition, layer thickness, and hetero-
interface quality of hundreds of ultrathin epitaxial layers [17].
Molecular beam epitaxy (MBE) is the most used technique when
it comes to complex structures. MBE technique supplies a specific
composition and very high quality interfaces in individual layers.
However, due to the high vacuum need, the MBE technique has
lower QCL production capacity and higher cost. Metal Organic Va-
por Phase Epitaxy (MOVPE) is another technique used to grow high
quality QCL wafers. However, epitaxial growth of such layers with
MOVPE technique is very difficult. It is significant to obtain the
optimal growth parameters [18]. Growth kinetics depend on var-
ious factors such as temperature, process pressure, and flow rate
of precursors and they extremely influence the growth of individ-
ual layers. There are few studies in the literature about the effect
of inter-layer transition time on quantum well, multilayer struc-
tures and lattice-match InGaAs/InAlAs QCL [17]. However, transi-
tion time studies have not been performed for strain-compensated
QCL structures to the best of our knowledge.

In this study, we have been examined the optimization stud-
ies of the combination of Si-doped and undoped inter-layer tran-
sition time in the strain compensated Ingg7Gag33As/Ing36Alg4AS
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Fig. 1. Schematic representation strain-compensated of QCL structure grown on an
InP substrate by MOVPE

QCL structure grown on InP substrate by MOVPE. After growth, the
crystalline quality and thickness sensitivity of the samples have
been investigated by HRXRD. In addition, two different calculation
methods have been made from the Global Fit simulation program
in order to examine the thickness sensitivities of the grown sam-
ples in more detail.

2. Experimental

InGaAs/InAlAs superlattice (SL) structures have been grown
on InP (001) substrate by AIXTRON 200/4 RF-S MOVPE sys-
tem. The metal-organic compounds TMIn (trimethylindium), TMAI
(trimethylaluminum), and TMGa (trimethylgallium) have been used
as In (indium), Al (aluminum), and Ga (gallium) precursors, respec-
tively. High purity arsine (AsH3) hydride, an inorganic compound,
has been used as the source of As (arsenic). In addition, high pu-
rity silane (SiH,4) has been used for the Si-doped InGaAs and InAlAs
layers. Growth parameters such as growth temperature, V/III ratio,
and source flows have been optimized to achieve the desired crys-
talline quality and target alloy composition values. The flow rates
of TMIn, TMAI, and AsH3-2 have been used for growth of the In-
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Fig. 3. Schematic representation of the source flow sequences of the gases used
during growth and transition between layers
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Fig. 4. HRXRD 6-26 scans of Sample A and Sample B

AlAs layer are 35 sccm, 12.5 sccm, and 15.1 sccm, respectively. The
flow rates of TMIn, TMGa, and AsHs-1 have been used for growth
of the InGaAs layer are 35 sccm, 0.3 sccm, and 31 sccm, respec-
tively. For InGaAs and InAlAs growths, the V/III ratios have been
optimized as 128 and 45, respectively, and the growth temperature
has been kept stable at 620°C for both layers. After many trials
and optimization growths, InxGa;4xAs with x=0.67 In concentra-
tion and InyAl;_yAs single layers with y=0.36 In concentration on
InP substrate successfully have been grown separately. Besides, for
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Fig. 2. The in situ reflectance and growth temperature versus growth time for Sample A.
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Fig. 5. HRXRD 6-20 scans of Sample B, Sample C, and Sample D

the Si-doped InGaAs and InAlAs layers, SiH, flow rates have been
changed and carrier densities of 3x10'7 cm~3 have been obtained
with a few optimization studies. The SiH, flow rates used for the
Si-doped InGaAs and Si-doped InAlAs layers are 0.3 sccm and 1.4
sccm, respectively.

The core region of QCL structure is composed of 5
stages of the following sequence of lattice-mismatched
Ing 67Gag 33As/Ing 36Algg4As layers: 2.2/3.7/14......... 1.7/3 nm where

Sample A

Substrate

Intensity (a.u.)
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Table 1
Variation of t1 and t2 times of samples

Group 1 (t2 =10 s) Group 2 (t1 = 5s)

Sample A Sample B Sample C Sample B Sample D

t1=3s t1=5s t2=8s t2=10s t2 =15s

InAlAs layers are given in bold. Fig. 1 shows a schematic represen-
tation of the strain compensated QCL structure grown by MOVPE
on an InP substrate. The inter-layers stabilization times have been
examined in 2 groups. The transition times between undoped and
Si-doped layers are labeled as t1 and t2, respectively. In the first
group, t2 (10 s) time has been kept constant, while t1 time has
been changed to 3 and 5 s for Sample A and B, respectively. In the
second group, t1 (5 s) time has been kept constant and t2 time
has been changed to 8, 10 and 15 s for Samples C, B and D. The
variation of t1 and t2 times for all samples is given in Table 1.

3. Results and discussion

In-situ characterization is a very effective and practical mea-
surement technique that provides information about growth rate,
layer thickness and surface condition during epitaxial growth
[19,20]. In order to observe the growth transitions and their effects
during the growth of InGaAs and InAlAs layers, a semiconductor
laser operating at 880 nm wavelength has been used as an in situ
monitoring system. Fig. 2 shows the in-situ reflectance and growth
temperature versus growth time for Sample A. Since the in-situ re-
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Fig. 6. Period thickness calculation of Sample A, Sample B, Sample C, and Sample D with Global Fit simulation program
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Fig. 7. Total layer thickness calculation of Sample A, Sample B, Sample C, and Sample D with Global Fit simulation program

flectance behavior has been almost the same in all samples, only
the measurement of Sample A have been examined. Due to the
refractive index difference of the Ingg;GagsszAs and Ing3gAlgg4AS
layers, the in-situ reflectance behavior is different and each step
of growth can be distinguished in the reflectance measurement.
As the thicknesses of the Ingg;Gag33As and Ing 3gAlgg4As layers in
each repeat has been different, an asymmetric behavior has been
observed in the reflectance curve. The flow times and states of
sources used during growth and inter-layer transition are also in-
side of figure.

In Fig. 3, the source flow sequence of the InAlAs and then the
InGaAs layers have been given in detail for a better understanding
of the growth. Two separate AsH; lines have been used to make
a rapid transition between the optimized V/III ratios obtained for
the InGaAs and InAlAs layers. The gases released at Ing3gAlgg4AS
growth are TMIn, TMAI and AsH3-2. While TMIn and TMAI are

closed when the growth is finished, AsH;-2 gas is left open un-
til Ing g7Gag 33As growth starts in order to prevent the escape of As
atoms from the grown surface. When Ingg;Gag 33As growth starts,
AsH3-2 flow is stopped and TMIn, TMGa and AsHs-1 flows are pro-
vided. AsH3-1 flow continues until Ing3gAlgg4As growth is initiated
again. This process continues until the growth has been completed
in the same way.

The HRXRD technique provides information on the structural
properties of epitaxial layers [21,22]. The 26/0 HRXRD scan has
been performed in the range of 260 = 60-66° to investigate the ef-
fect of the variation of t1 and t2 time on the crystalline quality
and thickness sensitivity of the structures, is shown in Figs. 4 and
5. As shown in Fig. 4, the positions of the SL peaks are almost in
match with each other for both samples. If smaller angles (20 <
63.3°) have been examined the superlattice (SL) peaks of the mea-
sured curve for Sample A become slightly broadened and the in-
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tensity decreases compared to Sample B. More intensity and peri-
odic SL peaks indicate better crystalline quality, so Sample B has
better crystalline quality. As shown in Fig. 5, although the SL posi-
tions of Sample B and Sample D match each other, Sample C is not
in agreement. Compared to the other two samples, the SL peaks
of Sample C have less intensity. In addition, the thickness fringes
are not clearly evident like other samples. This means that there is
lattice defect including mismatch locations, rough interfaces, and
compositional fluctuation. Although the SL peak intensity and po-
sitions are almost the same in samples B and D, it is necessary to
compare the thickness sensitivities of the samples. It is impracti-
cal to extend the growth time for the QCL active region contain-
ing hundreds of layers with very thin thicknesses. It is more ideal
when we compare Sample B with D in terms of growth time.

In order to investigate the thickness sensitivities of the grown
samples in more detail, two different calculation methods have
been made from the Global Fit simulation program. First of all,
periodicity analysis for satellite peaks method has been used to
obtain the period thickness. In this method, the superlattice pe-
riodicity is calculated by considering the positions of the satellite
peaks. A superlattice shows different diffraction pattern with satel-
lite peaks are observed around the Bragg reflection of the primitive
lattice. The following formula shows the relationship between the
superlattice periodicity A and the angular position of a satellite
peak.

(m—-n)A
2(sin %z —sinZn)

(1)

where A is the wavelength of the x-ray, m and n the orders of
satellite peaks, while 260, and 26, are angles of the corresponding
peaks.

Fig. 6 shows the SL peak positions and corresponding angles of
Samples A, B, C, and D. As a result of this simulation, period thick-
ness values of all samples have been obtained. The period thick-
ness values obtained for Samples A, B, C and D samples have been
determined as 47.29, 46.13, 45.37 and 46.93 nm, respectively. The
thickness of the target period for the QCL structure is 46.1 nm. As a
result, the best thickness sensitivity has been successfully achieved
for Sample B with a very small thickness difference of 0.03 nm.

The second method, analysis of thickness of epitaxial thin film
method has been used to obtain the total layer thickness. The
thickness of the epitaxial thin film can be calculated bottomed
on the fringes from x-ray interference visible in the measurement
profile. The epitaxial layer thickness D can be expressed using the
fringe period Aw as shown in the formula below.

Ayl

" Aw sin26 (2)
where 6 is the Bragg angle, and A is the wavelength of the x-ray.
¥y is the direction cosine of the plane normal and the vector of the
diffracted x-ray.

Fig. 7 shows the positions of the two SL peaks and fringes be-
tween these peaks for Samples A, B, C, and D. In the figure, the
fringes are indicated with "T". The total layer thickness values ob-
tained for Sample A, B, C and D samples have been determined as
231.34, 229.71, 228.66 and 248.37 nm, respectively. The total thick-
ness for the QCL structure is 230.5 nm. Consequently, with a thick-
ness difference of 0.79 nm with the total layer thickness method,
Sample B is the sample most match with the target thickness.

4. Conclusions

In this study, strain compensated Ingg;Gag33As/Ing3gAlge4AS
QCL structures have been grown with MOVPE on InP substrate and
the interlayer transition times of grown samples have been exam-
ined in two groups as Si-doped layers and undoped layers. In-situ

Journal of Molecular Structure 1272 (2023) 134203

reflectance measurement has been used to examine the flow se-
quences of the sources and growth steps of structures. The HRXRD
system has been used to examine the crystalline quality of the
grown samples and the Global Fit simulation program has been
used to analyze the thickness sensitivities in detail. With a small
deviation of 0.03 nm in the period thickness results and a differ-
ence of 0.79 nm in the total layer thickness results, optimum val-
ues with the most accurate thickness sensitivity of un-doped and
Si-doped inter-layer times of 5 s and 10 s have been obtained.
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