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We report the growth evolution of high-quality epitaxial aluminum nitride using nitrogen as carrier gas
on the sapphire substrate using MOCVD. A series of samples were grown with thickness varying from

1 to 4 pm utilizing a two-step process without any interlayer. SEM/AFM data showed voids up to 3 um
thickness along the growth direction, aiding to grow thicker layers and achieve low dislocation densities.
For the 4 um thick sample, XRD studies showed the FWHM of 289 arcsec of the rocking curve for (10i2)
plane and total calculated dislocation density 1.1 x 10° cm™2 using Williamson and Hall procedure.

Raman'’s study showed the E, (high) phonon peak linewidth of 3.4 cm™" at around 659 cm™

1, showing

significantly low compressive stress of 0.59 GPa for 4 um thick AIN. This study shows a simplified and
economical method to grow high-quality AIN using N, as a carrier gas.

The continued interest in epitaxially grown aluminum nitride
(AIN) layers is due to their properties like ultra-wide bandgap
(bandgap > 3.4 eV) and high mechanical, chemical, and ther-
mal stability making this III-Nitride material an essential part
of high temperature and high-power electronic and photonic
devices [1, 2]. The high-quality AIN films have low dislocations,
less strain/stress, and low surface roughness. The quality of AIN
layers on sapphire substrates as a template material is the pre-
requisite for the low-cost production of III-nitride based devices
like high-power ultraviolet light-emitting diodes (LEDs) and
high electron mobility transistors (HEMTs) [3, 4]. Ideally, bulk
AIN substrate can be used to fabricate better GaN/AlGaN based
devices, but there is a tradeoff between device performance and
cost of bulk substrates, a significant challenge for the commer-
cialization [5-7]. The dislocations in the AIN templates can
propagate into the subsequent GaN or AlGaN layers required
for the device structures, creating nonradiative recombination
and charge scattering centers in LEDs and HEMTS, respectively
(4, 8]. In HEMTs, the higher dislocations reduce the carrier
mobility in 2-dimensional electron gas (2-DEG), resulting in

performance degradation [8-12]. Furthermore, a large strain
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field and residual stress in the AIN layer can reduce the effi-
ciency of the UV LED structures [13]. Thus, it is desired to grow
AIN layers with low dislocations, reduced strain/stress, and low
surface roughness.

Several techniques have been employed to improve the qual-
ity of AIN films. These techniques include metal-organic chemi-
cal vapor deposition (MOCVD) with pulsed lateral overgrowth
epitaxy [14], migration enhancement [15], modulation growth
[16]. In most of these techniques, the precursors are pulsed
to enhance the migration of the Al atom. The other methods
to improve the quality of AIN films include high-temperature
annealing under nitrogen and carbon monoxide environ-
ment [17], substrate patterning [1], use of optimized off-cut
substrates [6], and annealing sputtered buffer layer [18]. It is
noted that hydrogen (H,) is used as the carrier gas in almost
all the MOCVD AIN epitaxial growth processes. Kakanakova-
Georgieva et al. first reported the AIN growth on SiC substrate
using N, as carrier gas and showed, both experimentally and
theoretically, that it can be beneficial [19, 20]. Miyagawa et al.
reported the comparative study of N, and H, carrier gas-based
AIN growth in the MOCVD system, but their approach using

N, carrier gas produced inferior quality AIN samples compared
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to the samples grown with H, carrier gas [21]. There is no report
to our knowledge, which describes the growth of high-quality
epitaxial AIN on sapphire substrates using nitrogen (N,) as a
carrier gas by the MOCVD process, and there is not enough
body of work in this regard.

This paper reports on the growth evolution of high-quality
AIN on a sapphire substrate using the MOCVD process with
nitrogen (N,) as a carrier gas. We were able to grow thick, crack-
free, low dislocation density, reduced residual stress, and low
strain field layers of AIN on basal plane sapphire substrates. The
growth involves a simple two-step process; in step one, a thin
3-dimensional (3D) buffer layer of AIN was grown on sapphire,
and in the second step, thick 2-dimensional (2D) AIN layers
were grown on top of the thin buffer layers, where the lateral size
of these 2D layers increases with the thickness. Thus, a series of
growth experiments with increasing thickness of top layers allow
us to study the growth progression of AIN layers to continuous
films with N, as a carrier gas. Table 1 provides a glancing com-

parison of the present work with the relevant previous results.

Figure 1 shows the AFM images of the AIN buffer layers; Fig. 1a
is the 0.1 um thick AIN buffer layer grown with N, as a car-
rier gas, and Fig. 1b is a typical 0.1 pm AIN buffer layer grown
with H, as a carrier gas under similar other growth conditions.
The choice of low temperature (970 °C) and high V/III ratio
for buffer layer growth results in low adatom mobility, which

TABLE1: Comparison the present work with other MOCVD grown AIN.

Carrier gas Thickness (1072) FWHM in arcsec  Substrate
N, (this work) 3-4um 307-289 Sapphire
N, [21] 1.0 um 980 Sapphire
N, [19] ~0.5 um Not mentioned SiC

H, [22] 3.0 um 378 Sapphire

RMS=3.12 nm

created the rough buffer layer. Here, the growth happened both
in vertical and lateral directions without any preferred orienta-
tion, creating a 3D surface required to grow thick AIN. Figure la
shows the AFM image for the buffer layer grown with N, carrier
gas and exhibits a bimodal growth. Here individual nucleation,
larger, islands grew in the vertical direction (z-axis) more like
pillars (‘2 height around 30 nm) than the surrounding islands.
This bimodal nature of the buffer layer with the N, carrier gas
is not seen with the H, carrier gas (Fig. 1b), the reason is not
clear and needs further investigation. However, we believe that
the bimodal rough buffer layer is the key to the strain reduction
mechanism that allows the growth of thick and crack-free AIN
films with N, carrier gas without the requirement of interlayers.
The introduction of the interlayer to grow thick AIN using H,
carrier gas is not economical due to the longer growth time and
higher cost of the hydrogen gas. In the N, carrier grown rough
layer, there are approximately 290 islands per um? as calculated.
Around 15% of the islands are with high °z’ value. On the other
hand, the H, carrier grown rough layer has approximately 30
islands per pm? with mostly similar 2’ height. The island den-
sity values were calculated using open-source Image] software
available on the US National Institutes of Health website, then
manually verified for the smaller region. The suggested reasons
for these differences are- (a) low decomposition rate of MO pre-
cursors, (b) low diffusion coefficient of reactant gases- in N, gas
environment, and (c) low thermal conductivity of N, carrier
gas [23].

Figure 2 shows the AFM images for high-temperature AIN
layers on top of 0.1 pm thick AIN buffer layers, as described
before, creating the total thickness of 1 pm, 2 pm, 3 um, and
4 um using N, as a carrier gas. High growth temperature and low
V/III ratio, attained by employing a higher molar flow rate of
TMAL increase the surface reaction rate, and hence the growth
rate of AIN. Thus, during high-temperature growth, the Ostwald
ripening occurs, and islands grow bigger, forming grains [24].

The adatoms attain enough thermal kinetic energy to mobilize

RMS=3.78 nm

Figure 1: AFM images of AIN buffer layers grown using (a) N, carrier gas and (b) similar layer with H, carrier gas. The 'z’ height scale is same for both

images.
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Figure2: AFM images of AIN layers showing the surface morphology of (a) 1T pm, (b) 2 um, (c) 3 um, and (d) 4 um thick samples.

and move to the surface’s minimum energy positions, promot-
ing 2D growth [25]. Thus, the 3D buffer layer supports the pro-
gression of 2D growth as the thickness of the high-temperature
layer increases and desirable terrace nucleation starts to hap-
pen, which depends upon the orientation of initial domains in
the buffer layer. Typically, if the samples are grown under H,
gas, the AIN layers coalesce around 1 pm thickness. Due to the
buffer layer’s bimodal nature grown under the N, environment,
as shown in Fig. 1a, the coalescence process in the lateral direc-
tions is delayed due to adatoms’ restricted mobility by pillar-like
structures. The growth starts from both small and large islands
simultaneously, in both lateral and vertical directions. For high-
temperature conditions, growth in the vertical direction is faster
than in the lateral direction. Since small islands are very close to
each other, they merge first. The growth from the larger islands
(pillar-like structures) starts from the top of their surface.
Since the larger islands are further apart from each other, their
coalescence is delayed. As the growth from the larger islands
continues, the material supply to smaller islands is restricted,
creating voids; eventually, the larger islands become the primary
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origin of the final coalesced layer. At a total thickness of 1 um,
the surface morphology had large pits between the 2D growth
regions, as shown in Fig. 2a. At 2 um thickness, the size of the
pits got reduced, as seen in Fig. 2b. The surface morphology
changes until it reach an equilibrium coalescence condition
[26]. The complete coalescence in AIN layers occurred around
3 um thickness in our growth process, as shown in Fig. 2c. This
delayed coalescence helped reduce the residual stress and strain
field by forming voids along the growth direction. These voids
allowed us to grow thicker AIN layers without cracks shown
in Fig. 2d—a 4 pm thick AIN sample without introducing an
additional intralayer or changing the growth conditions [27].
As the thickness increases, the dislocation starts to bend, and
we can get low dislocation density AIN layers [28].

Figure 3 shows the cross-section SEM images of 2 um and
3 pm samples. The cross-section SEM of the 2 um sample shown
in Fig. 3a depicts the voids and their propagation to the surface,
which are exhibited as pits in the AFM image (Fig. 1b). Figure 3b
shows the cross-section SEM image of a 3 um sample; Here, we

can see the void propagation up to different thicknesses, and
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Figure3: Cross-section SEM image showing the propagation of voids for (a) 2 um and (b) 3 pm thick AIN samples were grown using N, used as carrier

gas.

voids are terminated well before the surface. As seen from the
AFM image Fig. 2¢, the 3 um thick sample has a fully coalesced
top surface. It has been previously demonstrated that dislocation
bends, forms loops, and their numbers reduce with the thickness
[29]. Thus, by growing thick AIN, reduced dislocation densities
or high quality in the AIN films is achieved. Additionally, due
to lattice mismatch and the residual stress, the AIN films start
to crack after a specific thickness, depending on the buffer layer.
The delayed coalescence of AIN using N, as carrier gas allows us
to avoid cracking and grow thick AIN layers. The reduction in
the cracks for films using H, as a carrier gas is achieved by intro-
ducing the interlayers [32], making the growth process complex.

Figure 4 shows the plot of fullwidth at half maxima (FWHM)
of (1012) w-scan vs. thickness of the AIN layers grown using N, as

@ [21] i

1000

Uncoalesced ]
Coalesced 4

(1012) XRC FWHM (arcsec)
(=)
[—3
<

400 - -
. ¢ .
200 -
1 2 3 4
Thickness (1m)

Figure 4: Thickness vs. FWHM of w-scan for (1012) plane for AIN layers
grown as described in the text.
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a carrier gas. The figure also includes the only reported (1012) data
per our knowledge for AIN produced using nitrogen as carrier gas
[21]. The FWHM of the asymmetric (1012) scan of III-nitrides
(AIN, GaN, and AlGaN) is directly correlated with the total dislo-
cation densities in these materials [30]. We observed that FWHM
of (1012) angular w scan decreases from 685 to 289 arcsec as the
thickness of AIN increases from 1 to 4 um, indicating a reduction
in dislocation densities. Note that the 1 um and 2 pm thick AIN
samples do not coalesce, as indicated by the hollow symbol, have
broad FWHM. The considerable broadening of 1 ym and 2 pm
uncoalesced AIN samples is mainly due to three reasons: (a) XRD
samples the initial highly defective rough layer; (b) in the top
layer, all the uncoalesced regions are not in the same plane; and
(c) X-rays samples side-wall regions that have high dislocations
as dislocations bend in the lateral directions with the increasing
thickness of AIN. A significant decrease in integral linewidth for
fully coalesced 3 and 4 um samples indicates the reduction of dis-
locations in these layers. The uncoalesced layer acts as a secondary
buffer layer to grow reduced dislocation high-quality thick AIN
layers without the insertion of a low-temperature interlayer [31]
or modulation of the V/III ratio [32].

The dislocation densities in AIN layers were calculated
using Williamson and Hall measurements non-destructively
that match well with other destructive techniques like etching
and TEM measurements [33]. Williamson and Hall's measure-
ments of the AIN layer provide information about the size and
angular distribution of the mosaic blocks and means to calculate
the edge and screw dislocation densities[34-36]. As we can see
from Fig. 3, the uncoalesced stages of the growth had broad
integral linewidth in w-scan indicating very high dislocations
due to multiple factors; thus, dislocation density was calcu-

lated only for coalesced samples. We performed symmetric and
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Figure 5: Representative data of Williamson and Hall measurement to
calculate the dislocation density of 3 um, 4 um, and Bulk AIN samples.

asymmetric X-ray diffraction scans to determine the angular
and size-dependent parameters to calculate the different types
of dislocations, namely edge and screw dislocations. X-ray 20-
w and w scans for symmetric planes (0002), (0004), and (0006)
were used to calculate B, (sinf)/A and sin6/A where §, is the
integral linewidth of the corresponding peak in the w-scan, 8 is
the angular position of theta scan, and A is the wavelength of the
X-ray used (1 =1.5406 A). A linear fit to the data points plotted
for B, (sinf)/A vs. sinf/A as shown in Fig. 5 was used to calculate
tilt, which represents screw dislocation (N,,), and the vertical
intercept (y,,)> which gives the lateral coherence length (L ;)
based on equations shown below [34, 36].

0.9
Ly = 1
Zyo,a) ( )

2
Nyc = —%— 2
4.35|bsc|2 @

where |bg| is the Burger’s vector (|bgc|=0.4982 nm, with
bg=[0001]) for screw dislocations in AIN and directly expressed
as ¢ plane lattice constant [37, 38] and «,, is the tilt angle, is the
slope of the line in Fig. 5. The calculated N, values were in the
lower 107 cm ™2 orders. The origin of screw dislocation density is
the thermal expansion coefficient and lattice mismatch between
the substrate and film [1]. It has been previously demonstrated
that the creation of voids bends screw dislocations significantly,
and hence thickness reduces edge dislocations [27]. We believe
dislocation bending due to thickness permitted by void forma-
tion is the main reason for the low screw and edge dislocation
density in the AIN sample grown with N, as carrier gas.

Edge dislocations (Ny) burger vector is represented as
bg=(1/3) [1120] and |bg|=0.311 nm, the same as the out-
of-plane lattice constant. This type of dislocation is usually
generated by the azimuthal rotation of the crystallites and can

be estimated from ¢-scan for an asymmetric reflection and

©The Author(s), under exclusive licence to The Materials Research Society 2021

twist angle broadening. The equation shown below is used to
estimate edge dislocations (Ng): [34, 36]

2

=t (3)
2.1|bg|Ly

o
Ng

where a,, is the integral linewidth of (1012) ¢ scan.

To calculate N, an asymmetric (10i2) ¢ scan was performed
to determine the integral linewidth (ocq,) for each sample. Total
dislocation density can be calculated as Ny=Np + Ng¢ + Nyjiced
where N, ., is mixed edge and screw dislocations. Nyy;.q Were
ignored in N calculation as Nyj,.q < < Ng or N [38]. The cal-
culated N were the same as N, since Ny were two orders of
magnitude lower. Table 2 shows the calculated values of the
screw, edge, and total dislocations densities calculated from the
Williamson and Hall method along with other parameters for
3 um and 4 um thick AIN samples, including bulk the AIN for
comparison. Typically the bulk AIN have total dislocations den-
sities on the order of 107 cm™ or less, supporting the accuracy
of our calculations [39].

X-ray diffraction was also used to calculate the values of
in-plane lattice constant @’ using (1015) reciprocal space map-
ping, as shown in Fig. 6, based on reference [40] using Eq. (4)
and to deduce the strain components (&) with values ranging
from 0.07 to 0.14% using Eq. (5) [40],

2 2
o — 2r  [4(h* + K + hk) @)
Qx| 3

as — de

x 100% (5)

Exx = P
where g, is the in-plane lattice constant of as-grown samples, and
a, is the lattice constant for unstrained standard (a,=0.3112 nm)
[41], h=1, k=0, 1=5, |Ql = Qi) = 47/ Qurin
[42], and A=1.5406 A. To calculate in-plane stress,
oxx = (C11 + Cr2 — %)8,“ (43, 44], the stiffness constants
values are needed. There is uncertainty in stiffness constants
values, depending on measurement technique or substrate type,
etc. [45]. We used C,; + C,,=538 GPa, C;;=113 and C;;=370
GPa which were used in reference [44] for MOVPE grown sam-
ples on sapphire substrates. We found compressive in-plane
stress ranges from 0.35 to 0.66 GPa for 1 um to 4 um thick AIN
samples.

The Raman Spectroscopy was used to corroborate the claim
of high quality and low stress in MOCVD grown AIN layers
characterized by X-ray diffraction. Raman spectroscopy is con-
sidered one of the most powerful tools to gauge the quality and
calculate stress in thin films in a non-destructive manner [46].
Calibrated high-resolution phonon linewidth can provide infor-
mation about the films’ crystalline quality [47]. For the single
crystal bulk AIN films, Kuball et al. reported E,(high) phonon
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TABLE2: The results of X-ray
diffraction study for 3 um, 4 um,

and bulk AIN.

Parameters 3um 4 um Bulk AIN
Lateral coherence length, L (pm) 0.21 0.35 2.55

Vertical coherence length, L1 (pm) Layer thickness Layer thickness  Layer thickness
Screw dislocation density, Ngc (cm™) 34x%x107 2.2%x107 8.3x10°

a, =tilt angle (arcmin) 2.18 1.74 1.03

Edge dislocation density, N (cm™) 2x10° 1x10° 6x10’

Total dislocation density, N (cm™) 2x10° 1x10° 6.8x107
Off-axis (10i2) (arcsec) 307 289 140
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Figure 6: Reciprocal space map for (10 T 5) reflection of 3 um N, carrier grown AIN sample was used to calculate the lattice constant.

mode linewidth as 3 cm™! [48]. This value exactly matches the
linewidth value found for the reference bulk AIN sample in our
measurement. Under the same conditions as bulk AIN, Raman
measurements of E,(high) phonon mode were performed on
1 um to 4 um thick grown AIN layers. The integral linewidth

value ranged between 3.4 and 4.8 cm™!

_where the lowest value
was observed for a 4 um thick sample. The 4 um sample also had
the lowest defects shown by the Williamson and Hall measure-
ments, confirming the high quality of the AIN film. The devia-
tion of the E,(high) Raman peak position of MOCVD grown
AIN layers from the bulk AIN (reference) was used to measure
the stress in these films. Several reports have been published
to establish the credibility of the biaxial stress coefficient (k)
to measure stress using Raman shift in E, (high) phonon
mode [43-45]. Biaxial stress coeflicient can be calculated as,
k= %, where Awg(high) is the difference between strain
free frequency and MOCVD grown sample Raman shift (fre-
quency) [43, 44]. In our calculation, we used 657.04 cm™, the

bulk sample E,(high) peak position as the stress-free phonon

©The Author(s), under exclusive licence to The Materials Research Society 2021

frequency, and calculated the stress based on k = —4.04 =
0.3 cm™!/GPa [44, 45]. Figure 7a shows the normalized Raman
spectra of E,(high) phonon mode for the samples used in this
study, including the reference bulk sample. Here, blue shift in the
E,(high) phonon from the bulk AIN indicates compressive stress
in the MOCVD grown AIN layers on sapphire substrates [46].
The calculated stress value using Raman spectroscopy
ranges from 0.34+0.02 to 0.59+0.04 GPa for 1 um to 4 um
samples, which is in good agreement with the values calcu-
lated from the strain using XRD. The completely coalesced sam-
ples showed a high value of stress compared to uncoalesced
samples. In uncoalesced samples, domains are small and ran-
domly distributed, which allows them to relax and have low
strain/stress. As soon as these domains start to merge, the film
becomes strained, and the stress also increases. The compres-
sive stress in the AIN thin film on sapphire substrate depends
on lattice and thermal expansion coefficient mismatch between
the epitaxial layer and substrate and generated during the cool-

ing process of the growth. On the other hand, a tensile stress
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Figure7: (a) Normalized Raman spectra of E,(high) phonon of MOCVD
grown AIN samples on sapphire using nitrogen carrier gas, including
reference bulk AIN sample. (b) The relationship between stress and strain
for different thickness of AIN layers grown in N, environment.

is generated during the coalescence process of the sample. The
resultant biaxial stress in the sample is due to the competition
between the compressive and tensile stress [49, 50]. In our sam-
ples, due to the tensile stress generated during the delay in the
coalescence process, the resultant overall compressive stress is
low due to the unique bimodal buffer layer. Figure 7b shows the
graph between stress and strain values versus film thickness.
The spike in strain value for 3 pm can be due to the transition
from un-coalescence to coalescence. For the 4 um sample, strain
tried to relax with more dislocation annihilation, as we can see

from the decrease in dislocation density from Table 1.

We have demonstrated the growth progression of high-quality
AIN using N, as carrier gas on sapphire substrates using a two-
step process. The process consists of the growth of a bimodal
rough buffer layer with a high V-III ratio using pulse mode
of nitrogen precursor and a low V-III ratio high Al-precursor

©The Author(s), under exclusive licence to The Materials Research Society 2021

high-temperature continuous mode. Evidently, the bimodal
rough buffer layer was the key reason which caused the delay
in the AIN film’s coalescence process. The uncoalesced layer
allows us to grow thick AIN since the voids’ formation reduces
stress/strain, as seen in the combined cross-sectional SEM and
X-ray/Raman studies. The transition from un-coalescence to
coalescence occurs around 3 pm thickness of AIN, resulting in
high-quality templates. The AIN samples grown with N, carrier
gas are on par with AIN samples grown with the H, carrier gas.
The research establishes a simpler, safer, and economical way

to grow high-quality AIN for electronic and photonic devices.

AN layers with total thicknesses ranging from 1 to 4 um were
grown in a MOCVD reactor. The AIN epilayers were grown
on 2-inch diameter c-axis sapphire substrates with 0.2° off-
cut towards m-plane in a custom-built vertical flow cold wall
MOCVD reactor at 40 torr chamber pressure. Trimethylalu-
minum (TMAI) and Ammonia (NH;) were used for aluminum
(Al) and nitrogen precursors, respectively. The growth process
starts with the nitridation of sapphire substrate for 2 min at
970 °C prior to the growth of 0.1 um thick, rough (3D), AIN
buffer layer at the nitridation temperature. A pulsed mode
growth was used for buffer layer formation where nitrogen pre-
cursor, NH;, with a flow of 400 standard cubic centimeters per
minute (sccm), was turned on and off for 6 s. and 12 s, while
TMAI material flow of 4.5 u-mole/min was kept on for the whole
growth sequence. This step is depicted in Fig. 8a, and the result-
ing 3D AIN layer is shown in Fig. 8b schematically. The V/III
ratio in this layer was kept around 4000 (the exact ratio is 3965)
and was calculated as the average of NH, on and off states. After
the buffer layer, in the second step, the temperature was ramped
up to 1180 °C to grow the thick AIN top layer using the same
precursors with continuous NH; flow with V/III ratio decreased
to ~ 1000 (the exact ratio is 1114) by increasing the TMAI flow
to 16 p-mole/min. The second step in the growth is shown in
Fig. 8¢, and the resulting AIN layer is illustrated in Fig. 8d sche-
matically for four micrometer thick sample. A series of samples
with the same buffer layer and high-temperature top AIN lay-
ers with total thicknesses from 1 to 4 um were grown. For all
the samples, the growth rate for the high-temperature layer was
around 1 um/h. The growth in succession allows us to observe
the growth evolution of the AIN layer to an entire 2D top surface.

The grown AIN films were characterized for their surface mor-
phology, dislocation densities, strain field, and residual stress. The
surface morphology of grown AIN was observed with Digital Nano-
scope 3100, atomic force microscopy (AFM). Philips X’pert MRD
triple-axis diffractometer with Cu-Kal X-ray source was used to

calculate the strain and dislocation densities. We used a commercial
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Figure 8: Schematic of the process for AIN growth with the N, carrier gas; (a) precursors flow for low-temperature pulsed growth, (b) result in the rough
buffer layer, (c) precursors flow for high-temperature continuous growth, (d) resulting 4 um thick AIN layer.

XRD system with a Ge(220) fourfold Bartels-type monochroma-
tor and a Ge(220) threefold analyzer to perform 20-w scans and w
rocking curves—a configuration described by Fewster et al. [51].
For optimization, we used 0.2 mm, and 0.3 mm for the incident and
receiving slit, respectively; for actual measurement, these values are
0.05 mm and 0.05 and preserved for all the measurements. A scan-
ning electron microscope (SEM) Zeiss Supra 25 FE-SEM was used
to study the AIN samples’ cross-sections along the growth direction.
Residual stress in the samples was measured by Raman spectroscopy
using Horiba Raman Spectroscope with a 638 nm red excitation
laser with 25% power. 2400 g/mm grating was used with 100 um
hole size and 50 pm slit size in backscattered mode with a spectral
resolution of 0.5 cm™.
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