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Analysis of TEM image of quantum cascade laser heterostructure grown

by metalorganic vapour-phase epitaxy
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The transmission electron microscopy (TEM) image of a quantum cascade heterostructure was analyzed.
A heterostructure containing 185 periods and four quantum wells GaAs/Alg 15Gag gsAs in each period was grown
by MOVPE. Different composition spreading laws (normal, exponential and asymmetric exponential) have been
used to reveal the differences in the composition deviation at the interface ,,barrier/quantum well“ and ,,quantum
well/barrier when interpolating the experimental hetero-interface profile. The effect of finite sample thickness
on the composition fluctuation characteristics has been theoretically investigated and spectra and autocorrelation
functions of composition fluctuations have been obtained. Estimates of the thickness of hetero-interface roughness

and its correlation length have been carried out.
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1. Introduction

The study aimed at analyzing the structural perfection of
grown samples is an important stage in the development
of the technology for growing quantum cascade laser hete-
rostructures [1]. The information about the thicknesses and
compositions of semiconductor layers is the most valuable,
which is necessary for predicting the characteristics of lasers
and validating the constitutive parameters and theoretical
models used. The information about the thickness of the
transition layers and the characteristics of the roughness
of the interfaces is necessary to account for the spectral
broadening of energy levels and the correct calculation of
the gain spectra [2-4].

The hetero-interface roughness scattering (IRS) was
calculated in the approximation of the coherent potential in
Ref. [5] and their effect on the tunneling current through the
two-barrier structure of GaAs—A1GaAs was experimentally
confirmed. A significant contribution of IRS to the width
of the intersubband absorption line in the quantum well
(QW) is shown in Ref [6,7], along with optical phonon
scattering. The effect of IRS on both current and gain in
terahertz quantum cascade lasers (THz QCL) was studied
in Ref. [2,8,9]. The simulation shows that IRS causes leakage
currents for laser levels and can significantly reduce the
gain. The improvement of epitaxial growth technology,
optimization of band designs and minimization of IRS
resulted in a significant increase of maximum operating
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temperatures of THz QCL [9-14] from Tp.x ~ 200K in
2012 [10] to Tpax = 261K in 2023 [14].

The results of the analysis of the TEM image of
the quantum cascade heterostructure Aly 15Gag gsAs/GaAs
epitaxially grown by the interaction of organometallic
compounds and hydrides (MOVPE) [15] are presented in
this paper with a resolution of 0.226 nm per pixel; the sizes
of the transition regions, the root-mean-square roughness of
the hetero interfaces and their autocorrelation functions are
found. The design of the metalorganic vapour-phase epitaxy
quantum cascade heterostructure is based on the two-photon
emission scheme proposed and described in Ref. [16,17].

2. Analysis of the heterostructure profile

The pixel intensity of the TEM image was summed along
the inclined lines marked in Figure 1 for restoring the profile
of the hetero-interfaces in the studied heterostructure. The
optimal slope was chosen from the condition of maximum
contrast of the resulting profile. The profile sampling interval
was 0.19nm taking into account the image slope. Three
types of composition spreading functions were used to fit
the reconstructed profile using the least squares method

(Figure 2):
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Figure 1. TEM image of the QCL heterostructure region with
marked layers after processing of the profile and revealing the
interfaces of GaAs quantum wells and AlGaAs barriers.

symmetric exponential —
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Here 73, 7e, 7Ta, m — the root-mean-square values of
spreading for the corresponding functions.
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The intensity of the TEM image has a significant back-
ground gradient as can be seen from Figure 2. The Fourier
transform [1] is not suitable for analyzing the composition
profile due to the background gradient. Polynomials of
various degrees were used to subtract the background. The
completed calculations showed that the recoverable layer
thicknesses depend on the order of the polynomial used
to subtract the background (see Table 1). The order of
the polynomial should be at least the number of analyzed
periods for individual selection of the background level for
each period of the heterostructure (we analyzed 4 periods
of the structure). The maximum value of the polynomial
order is approximately limited by the number of barriers or
quantum wells (17 layers in our case). The background will
have a component that replicates the profile of the structure
with higher values of the order of the polynomial, as a
result of which subtraction of the background will lead to
a decrease of the amplitude of the restored profile. The
interpolation order at which the amplitude of the restored
profile A is maximal can be considered as the best. The
best n values of the order of background interpolation for
normal interface broadening are in the range of 7—10 in
the considered example. The restored thicknesses turned
out to be the same for these values. The largest range
of thickness variation for different background interpolation
orders was 0.34nm. The restored value of the hetero-
interfaces broadening of 1.13—1.17nm is less sensitive to
the order of the polynomial (spread 3%).

Similar results are obtained when using other composition
spreading functions. The best interpolation order depends
on the type of function (see Table 2). The maximum
spread of the recoverable thicknesses was 0.15nm, which
does not exceed one step of image sampling. The
smallest discrepancy value is obtained for normal interface
broadening with a given background interpolation order.

The root-mean-square hetero-interface broadening for
the asymmetric exponential profile was 73 = 1.37nm,

0 50

100

z, nm

150 200 250

Figure 2. ¢ — dependence of the row average pixel intensity A of the processed TEM image on the coordinate z directed along the
normal to the plane of the layers from the upper right corner of the TEM image; b — composition profile, restored using the normal
composition spreading function at the 7th order of background interpolation.
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Table 1. The restored amplitude of the profile A, hetero-interface broadening 7 and structure layer thicknesses d averaged over 4 periods
and heterostructure period D for normal distribution for different orders of n interpolation of the background (maximum and minimum

values are in bold font)

n A, T nm d, nm D,nm
rel. un.

4 5.66 1.15 327 16.63 471 8.65 1.78 9.52 1.78 8.36 54.69

5 5.64 1.14 322 16.63 476 8.65 1.78 9.52 1.73 8.36 54.64

6 5.61 1.14 3.08 16.58 490 8.51 1.83 9.52 1.78 8.41 54.59
7—10 5.72 1.17 312 16.72 4.66 8.70 1.87 932 1.87 8.31 54.59
11 541 1.13 3.36 16.48 4.95 8.41 2.02 9.23 197 822 54.64
12 5.54 1.16 341 16.63 4.66 8.65 197 9.18 2.02 8.17 54.69
Max 572 1.17 341 16.72 495 8.70 2.02 9.52 2.02 8.41 54.69
Min 541 1.13 3.08 16.48 4.66 841 1.78 9.18 1.73 8.17 54.59
Max—Min 0.31 0.04 033 0.24 0.29 0.29 0.24 0.34 0.29 0.24 0.10

Table 2. The restored amplitude of the profile A, hetero-interface broadening 7 and the thickness of the layers of the structure averaged
over 4 periods d and the period of the heterostructure D for different blur functions

Broadening n A, rel. units T, nm d, nm D,nm
Normal 7 572 1.17 312 16.72 4.66 8.70 1.87 932 1.87 8.31 54.59
Exponential 10 6.04 142 3.08 16.77 4.66 8.70 1.87 932 1.87 8.31 54.59
Asymmetrical | o 6.06 137/144 | 303 | 1677 | 466 | 865 | 183 | 942 | 178 | 846 | 54.59
exponential

Tp = 1.44nm. Therefore, no significant differences of the
profile of the heterojunctions ,,quantum well/barrier and
»barrier/quantum well“ as well as the structures grown by
molecular beam epitaxy were revealed [18].

It should be noted that the resolution of the TEM image,
equal to 0.226 nm per pixel, was obtained from the result
of X-ray analysis, according to which the period is 54.7 nm.
Therefore, all the found thicknesses provided in the Tables 1
and 2, for which the period is not equal to the specified one,
should be proportionally scaled which is a common practice
in analyzing TEM images [1].

3. Effect of sample thickness
on fluctuation autocorrelation function

The composition of the heterostructure, determined by
the analysis of TEM images, is an average value over
the sample thickness L. The autocorrelation function of
fluctuations of the measured values in the TEM image is
represented as

L

/Lf(x, %/ (x — AX, y)dy>

0

=

KTEM (AX) = <

0
| L L
5 [ [ty fix- axyjayay
0 0

(4)
where f(x,y) = f(r) — fluctuation of the composition in
the plane of the layer. The y-axis direction is selected

here in the direction of the path of the TEM rays. The
autocorrelation function of fluctuations of measured values
can be found from the following integral in the isotropic
approximation of the fluctuation autocorrelation function

K(Ar) = (f(r) - f(r— Ar))
| LL

Krem(AX) = — K sz +(y' —y)? ) dydy". (5)
o[ [ (e

The Gaussian form is most often used as approximations
for the fluctuation autocorrelation function

2 x?
K0 = odexp (-5 ) ©)
or an exponential form
€09 = oexp (1) )
LC

where L — correlation length, ox — standard deviation.
The measured root-mean-square value of the fluctuations

in the TEM image decreases with the increase of the sample

thickness (Figure 3). For large sample thicknesses, it is

V2Le/L. (8)

The functional form of the Gaussian autocorrelation func-
tion (6) and the correlation length does not change in case
of averaging (5). The functional form after averaging (5)
can be represented by a similar exponential function (7)

oxtem = V/ Ktem(0) ~ oy
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Figure 3. Dependence of the normalized autocorrelation function of the sample for Gaussian (a) and exponential (b) correlation of
fluctuations with different ratios of sample thickness L and correlation length Lc: L/Lc = 0, 1, 2, 4. (The colored version of the figure is

available on-line).

only approximately for the exponential autocorrelation func-
tion (7). For finding the effective correlation length Lcrem,
we take into account that the Fourier transform of the
correlation function on the plane is used in the calculation of
scattering. The most significant are the Fourier components
for small wave vectors. Therefore, it is advisable to use the
following expression for an effective correlation length

L2rem = /fKTEM(f)df/KTEM(O), 9)
0

which ensures the equality of the zero Fourier component
for the exact function (5) and an approximate function of
the form (7). As the thickness of the sample increases, the
measured correlation length of the exponential correlation
function tends to

Lrem = V2Le. (10)

4. Analysis of fluctuations in the
component composition
of the heterostructure

The brightness differs significantly in different parts of the
image (see Figure 1), therefore, it is necessary to exclude
background illumination for the analysis of fluctuations.
Subtraction of the background using a polynomial (as was
done in the first section of the article) is unacceptable
for these purposes, since it is not local and results in the
distortion of the correlation dependence. Image elements
can be combined only in the direction of the normal to the
layers for ensuring locality. For this purpose we assume
that only the composition X of barrier layers AlyGa;_yxAs
can fluctuate, since the material should be close to a GaAs
binary semiconductor in wide quantum wells, i.e., we will
consider the intensity of the image within the quantum
wells as the background. Let us divide the entire image
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into stripes for subtracting the background, the boundaries
of these stripes pass through the middle of the quantum
wells according to the previously reconstructed structure
profile. Each stripe is divided crosswise into sections with a
thickness of one pixel. A linear regression is found for each
such section of the stripe using the least squares method
for the intensity of the image, which is consider to be the
background. Only those pixels are taken into account for
calculating the regression coefficients for the background
that are within the region of quantum wells according to
the previously restored structure profile. Next, the resulting
regression (background) is substracted from the intensity of
the image of the entire section of the stripe, including the
barrier area (Figure 4).

The concept of hetero-interface roughness is usually
used in the analysis of scattering. Let’s assume that the
hetero-interface region falls within the range +7 from
the selected interface according to the previously restored
structure profile (r — root-mean-square hetero-interface
broadening). Let us average the fluctuations of the image
perpendicular to the layers in the range +7 and obtain a
one-dimensional dependence of the composition along the
hetero-interface. The root-mean-square value of fluctuations
in the composition of the hetero-interface oy can be
converted to the equivalent roughness of the barrier layer

0
o4 = 21 —, (11)
Xb
where X, — the average composition of the barrier layer.

Alternatively, it is possible to average the fluctuations
of the image perpendicular to the layers in the entire
barrier layer and obtain characteristics of fluctuations in the
heterocomposition of the barrier layer.

The average spectral density of the fluctuation is almost
constant for wave numbers k > 3nm~! for the analyzed im-
age (see Figure 4) (Figure 5), which suggests the presence
of white noise in the TEM image. Let us take into account
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Figure 4. Processed TEM image with marked layers after
subtracting the background in the analyzed region.

for estimating the correlation length L. that half of the
»energy“ of fluctuations for normal (6) and exponential (7)
correlation function is within the range of wave numbers
k <0.95/Lc and k < 1/Lc, respectively. Only the low-
frequency part of the spectrum k < 3nm~! is taken into
account for calculating the ,energy” of fluctuations from
which white noise is subtracted based on its average level
in the high-frequency region. The value of the correlation
length was 2.4 nm, the relative root-mean-square fluctuation
of the barrier composition was 28%, the root-mean-square
roughness of the hetero-interfaces was 0.65 nm.

The spatial autocorrelation functions of fluctuations of
the heterocomposition obtained by the Fourier transform
of their spectral density have a decreasing form (Figure 5),

100

0 1 2 3 4 5

k, nm™!

which can be approximately described by the exponential
function (7). In this case, the dependencies before and after
the white noise subtraction differ markedly only in the value
at the origin. It should be noted that the fluctuation spectra
and spatial autocorrelation functions obtained by averaging
the fluctuation spectra for periodic boundary conditions
and averaging autocorrelation functions without periodic
boundary conditions practically do not differ.

Taking into account ratios (8) and (10) and assuming
the sample thickness of L =30nm, we find that the
length of the roughness correlation is L = 1.7nm, and
the root mean square roughness of the hetero-interfaces is
1.9nm for interpolation of the correlation function by the
exponential dependence. The obtained roughness of the
hetero-interfaces is an order of magnitude higher than the
values from the literature data [6]. This may suggest that
fluctuations in the intensity of the analyzed TEM image
are more due to roughness or contamination of the sample
surface.

5. Conclusion

A technique for analyzing the profile and roughness of
hetero-interfaces based on TEM images of the heterostruc-
ture of a quantum cascade laser grown by the MOVPE
method is demonstrated in the paper. A TEM image of
the quantum cascade heterostructure Aly 15Gag gsAs/GaAs
with a resolution of 0.226nm per pixel was analyzed.
The calculated sizes of the transition regions in the het-
erostructure were 1.2 and 1.4nm, in case of interpolation
of the interface broadening with a normal and exponen-
tial distribution, respectively. There were no significant
differences in the profile of the ,barrier/quantum well”
and ,quantum well/barrier heterojunctions. The layer
thicknesses reconstructed by the least squares method have
a maximum spread of 0.34nm, depending on the degree
of the polynomial for background interpolation and the
spreading function. The best agreement of experimental and
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Figure 5. (a) The spectral density averaged over all analyzed hetero-interfaces and (b) autocorrelation function of composition fluctuation

before (blue line) and after subtraction of white noise (red line).
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calculated profiles is obtained for the interface broadening
according to the normal law. The estimated correlation
length of the roughness of the hetero-interfaces was 1.7 nm,
the root-mean-square deviation was 1.9 nm, which suggests
a significant contribution of roughness or contamination of
the sample surface to fluctuations of the intensity of the
analyzed TEM image.
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