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Abstract

Above-bandgap photo-irradiation is known to improve the low temperature growth of 11-VI
semiconductors, but the trade-offs in the substrate temperature and light source power density
are not well known. We investigated these effects on the growth of ZnSe epilayers on GaAs.
We find that the above-bandgap photo-irradiation can improve the ZnSe epilayer without
substantially negatively impacting the underlying GaAs epilayer only if the laser power is
below a threshold intensity. When the threshold is exceeded, the growth rate drops, the optical
properties of ZnSe layer deteriorate and interface intermixing is enhanced. Together, cross-
sectional transmission electron microscopy, energy dispersive spectroscopy and
photoluminescence results suggest that photo-irradiation at moderate to high laser powers
produces a trade-off in interface intermixing and planar defect formation. Most importantly,
the damage produced by high laser powers does not start at the interface but instead in the bulk.
Further flexibility for selecting the temperature and photo-irradiation intensities could be
realized by turning on the laser irradiation after the ZnSe growth has been initiated, limiting

the potential intermixing at the interface.
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Introduction

In conventional epitaxial growth, careful control of the growth temperature through
resistive heating at the back of the substrate is one of the most accessible and effective ways to
deliver energy to impinging adatoms at the growth surface and promote the formation of highly
crystalline epitaxial layers. When growing multiple layers and complex doping profiles,
however, heating the entire epitaxial stack through the back of substrate can cause several
issues. For example, thermally driven atomic inter-diffusion between neighboring layers and
migration of dopant atoms can deteriorate device performance [1].

In-situ photo-irradiation of the substrate surface offers an additional route to deliver
energy to the surface adatoms [2-4], allowing the substrate temperature to be lowered to prevent
undesired modification to the underlying layers. We previously reported the effect of photo-
irradiation on the low-temperature growth and interface formation of ZnSe on GaAs [5, 6] with
a broadband 150 W Xe lamp. The goal of that work was to subtly influence the bonding
arrangement at the hetero-interface. In this work, we investigate ZnSe epitaxy on GaAs with
an intense, far-above-bandgap 248 nm KrF excimer laser, with the goal of substantially
reducing the growth temperature of the entire ZnSe layer. The photon energy (5.0 eV) is well
above the ZnSe bandgap (2.8 V) as well as the dissociation energy of Se molecules (3.55 eV)
[7]. We show that the high energy photo-irradiation enhances the optical and structural
properties of the ZnSe epilayer, as expected from previous studies [8, 9]. The new insight that
comes from this work is that there is a window of laser intensities and substrate temperatures
that lead to beneficial improvement in the overall ZnSe and interface properties. Notably, the
crystal quality of the ZnSe epilayer is improved when the combination of laser intensities and
substrate temperatures is low, while deterioration is observed when the laser power reaches a
threshold. We also identify the mechanism by which ZnSe growth breaks down under high
laser powers. These results form the basis for selecting growth conditions to synthesize high
quality ZnSe on GaAs without affecting the interface and also provide insight into ways in
which photo-irradiation can improve the low temperature growth of other materials and

heterostructures.
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Experiment
Heterostructures were grown on (100) GaAs substrates in an Omicron EVO25 molecular
beam epitaxy (MBE) system with separate 111-V and 11-VI semiconductor growth chambers.
The two chambers were equipped with conventional K-cells for the group-I11 and group-II
elemental sources and valved cracker effusion cells for the group-V and group-VI elemental
sources. The substrate temperature was measured with a k-Space BandiT band-edge
thermometry system with an accuracy of £1°C. Prior to growth, GaAs wafers were outgassed
at 300°C in an ultra-high vacuum chamber. They were then transferred to the 111-V growth
chamber, where the native oxide was thermally desorbed at 610°C for 10 min under an As:
overpressure. A 500 nm-thick homoepitaxial GaAs epilayer was grown first, followed by
deposition of a thick amorphous As film by exposure to Asz flux at room temperature for 1 h,
which was used to protect the GaAs surface while the sample was transferred to the 11-VI
growth chamber. The formation of this protection layer was verified by observing the
disappearance of the (2x4) GaAs surface reconstruction with reflection high-energy electron
diffraction (RHEED). Once inside the 11-VI chamber, the amorphous As film was thermally
desorbed at 330°C in the absence of any group Il or V1 overpressures to produce a partially As-
terminated surface. This was confirmed by the appearance of a (2x4) surface reconstruction
having a faint 4x RHEED pattern [10]. Immediately after As film desorption, the substrate
temperature was set to targeted values of 150°C, 200°C, 250°C and 300°C for ZnSe growth.
ZnSe growth was initiated by exposing the GaAs surface to Zn for 2 min with a beam
equivalent flux (BEP) of 1x10°" Torr to prevent the possible formation of secondary phases at
the interface [11, 12]. The Se valve was then opened to begin the growth of a thick ZnSe layer.
In the case of laser-assisted growth, photons were sourced from a 248 nm KrF excimer laser
with a 25 ns pulse width, operated at a repetition rate of 10 Hz and focused into a square 7x7
mm spot size. The laser power at the illuminated area of the sample is controlled with a variable
laser beam attenuator and was set to deliver laser powers of 3 mJ, 21 mJ, 63 mJ and 146 mJ
(Table 1). The laser was turned on before the Zn exposure step and remained constant through
the entire growth. Because the sample is rotated throughout growth, the laser irradiation
resulted in a central circular region with some variation in the laser power at the very edges.
All ZnSe growths were carried out for 30 min under Se-rich condition [13, 14],

resulting in pseudomorphic growth of epilayers below the critical layer thickness [15]. High-
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resolution X-ray diffraction (HRXRD), low-temperature photoluminescence (LT-PL), cross-
sectional transmission electron microscopy (XTEM), and energy dispersive X-ray
spectroscopy (EDS) measurements were performed with the sample pieces of the central region.

A schematic of the growth procedure is displayed in Figure 1.

Result and discussion

We first investigate the effect of laser irradiation as a function of substrate temperature,
ranging from 150 to 300°C. Figure 2(a) and 2(b) shows ®-20 HRXRD patterns of samples
grown without (Dark MBE) and with 3 mJ photo-irradiation (Laser MBE), respectively. In
both figures, the peaks around -790 arcsec correspond to the ZnSe epilayer, while the peaks at
0 arcsec correspond to the underlying GaAs substrate and buffer layer. Figure 2(c) and 2(d)
show the shift of the ZnSe epilayer peaks as a function of growth temperature in both sample
groups. The peaks of the Dark MBE samples range from -720 arcsec at 150°C to -790 arcsec
at 300°C. The peaks of the Laser MBE samples start at -760 arcsec in the sample grown at
150°C and quickly settle at around -790 arcsec in the temperature range of 200-300°C. The
presence of distinct ZnSe-related peaks in all HRXRD patterns is due to the 0.27% lattice
mismatch between ZnSe and GaAs [16]. In general, there are layer peak, substrate peak and
Pendellésung fringes. The Pendelldsung fringe is a result of constructive interference from X-
rays reflected from the interface between the epilayer and substrate, and thus its spacing can
be used to determine the epilayer thickness [EAG]. The ZnSe epilayer thicknesses were
obtained from HRXRD curve simulations based on Equation 1 using the angular spacing inside

Pendellésung fringes between the peaks of ZnSe and GaAs,

(A = 1.5406 [A]
(LPeakl [rad] — Lpeak? [rad]) X cos Lsubstrate [Tad]

(Eq.1)

where 1.5406 A indicates the wavelength of Cu-Ko1. / peakt and / peaks represent the peak
positions of neighboring Pendellosung fringes, and / peak1 - ~/ peak2 IS the spacing between
them. / peak1 IS the position of the peak associated with the substrate. The calculated thickness
of the Dark MBE and Laser MBE ZnSe epilayers were approximately 140 nm, 115 nm, and
100 nm corresponding to the growth temperatures of ZnSe epilayers as 200°C, 250°C, and
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300°C, respectively for both the Dark or Laser MBE samples (Figure 2(e) and 2(f)). They are
all within the critical layer thickness (~150 nm for this temperature range) [17] and exhibit
negligibly small relaxation.

On the other hand, clear Pendellésung fringes are not present for ZnSe epilayers grown
at 150°C. There are several possible reasons for the absence of Pendellésung fringes, such as
the epilayer being too thin, a rough surface or interface, and poor crystallinity. In this case, we
attribute their absence to poor crystalline quality in the bulk ZnSe layer due to insufficient
adatom migration on the surface [18]. However, there is a slight distinction in the ZnSe peak
position and linewidth between the Dark and Laser MBE samples (Figure S2). The peak
corresponding to the ZnSe epilayer of the Laser MBE sample is shifted by only 30 arcsec
relative to the samples grown at higher temperature, which is far less than the shift associated
with the Dark MBE sample grown at 150°C (70 arcsec). The photo-irradiation conditions used
here, however, do not appear to affect the ZnSe growth rate at temperatures higher than 200°C.
Figures 2(e) and 2(f) show the thickness change of ZnSe epilayers of the Dark and Laser MBE
samples as a function of growth temperature.

In earlier reports, above-bandgap photo-irradiation during MBE growth of ZnSe
caused an increase in the growth rate due to enhanced dissociation of Se molecules at the
growth surface [7]. Specifically, direct absorption of photons with energies greater than the
dissociation energy of Se molecules (3.3 eV) have been reported to promote Se incorporation
into the ZnSe film through photolysis. On the other hand, Fujita et al. found that the growth
rate of ZnSe deposited by metal organic vapor phase epitaxy could be enhanced with low power
densities (<200 mW/cm?) of above-bandgap energy photons by a photo-catalytic effect [19].
Our results do not show any growth rate enhancement, even at comparable average power
densities (see Table 1). We speculate that one possible reason for the difference may be the
short pulse duration and relatively low repetition rate of our laser source, which could inhibit
either mechanism from playing a significant role in the growth rate.

Further analysis of the impact of photo-irradiation on the radiative properties of the
ZnSe epilayers was performed with LT-PL measurements. The PL spectra of the ZnSe
epilayers were measured at 8 K with a 405 nm GaN laser operated at 1 mW, using a 435 nm
long-pass filter to block the laser line. Two different gratings were used during the

measurements; 150 I/mm to obtain wide spectral range PL and 600 I/mm to obtain detailed
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near-band-edge PL of ZnSe epilayers. The penetration depth of the 405 nm laser in ZnSe is
around 100 nm, allowing us to probe the entirety of the grown ZnSe epilayer of the Dark and
Laser MBE samples over a wide spectral range. The spectra of all samples other than the ones
grown at 150°C consists of deep-level emission (DLE) below 2.4 eV and near-band edge
emission (NBE) above 2.6 eV (Figure 3(a) and (b)). The PL spectra of the samples grown at
150°C (not shown) do not exhibit clear PL peaks, confirming the poor material quality as
determined by the HRXRD measurements.

The DLE emission consists of self-activated (SA) and Cu-green emission associated
with deeper defect complexes [16]. The NBE emission consists of donor-bound (DX) or free
exciton emission (FX), Yo emission associated with recombination at dislocation states [10],
deep-acceptor bound emission (11%¢P) related to Zn vacancies, and donor-acceptor pair (DAP)
emissions [20]. Since the excitonic emission is very sensitive to the crystal imperfections, the
presence of excitonic emission serves as a proxy for lower non-radiative defect densities [21],
and we therefore use the ratio of the NBE/DLE emission peak intensities as a simple indicator
of crystalline quality. The NBE/DLE ratios are shown in Figure 3(e) for both sample sets. In
the literature, the optimal ZnSe growth temperature is close to 300°C [22, 23]. Due to possible
chamber dependent effects, the optimal temperature in our experiment falls closer to 250°C.
The NBE/DLE ratio increases with increasing growth temperature up to 250°C in the Dark
MBE sample set. On the contrary, the NBE/DLE ratio of the Laser MBE sample set is high in
both the 200°C and 250°C samples through an increase in the NBE intensity. This is the clearest
effect induced by photo-irradiation in this study and suggests that this method extends the
growth temperature window in which it is possible to achieve a high NBE/DLE ratio.
Comparatively, the NBE/DLE ratios of the Dark MBE samples vary across the 200-250°C
range, requiring the grower to heat a very narrow temperature range.

Above 250°C, the NBE/DLE ratio in both sample sets falls due to an increase in the
DLE emission intensity. However, some improvement is concurrently observed in the NBE
emission. The ZnSe band edge emission includes several peaks associated with the strain-split
heavy-hole (HH) and light-hole (LH) transitions [20, 21, 24]. Figures 3(c-d) and 3(f) show that
the free excitonic emission corresponding to the light-hole transition (FXvn) increases with the

growth temperature in both the Dark and Laser MBE samples up to 300°C. The 119 emission
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intensity associated with Zn vacancies (Figure 3(g) and 3(h)) also gradually decreases with
increasing growth temperature in both sample sets.

The relative enhancement of the NBE/DLE ratio through an improvement of the NBE
emission and reduction in DLE at 200°C suggest that photo-irradiation helps to suppress the
formation of point defects that would otherwise form at such low growth temperatures. One
possible mechanism for this improvement is enhancement of Se desorption mediated by
photogenerated carriers, which can create a metal-rich surface with higher adatom mobilities
that improve adatom incorporation [6]. The corresponding reduction in low energy and non-
radiative recombination pathways can then lead to improved FXvL1 emission. Matsumura et al.
reported a similar conclusion [9]. However, we also find that the combination of the photo-
irradiation and high growth temperatures leads to additional defects represented in the
increased DLE evident in the Laser MBE sample growth at 300°C (Figure S3).

To investigate the effect of excessive above-bandgap photo-irradiation, the samples
were grown by varying laser power from 0 mJ to 146 mJ while holding the growth temperature
constant at 200°C. The laser power and photon flux densities are listed in Table 1. The HRXRD
patterns of the samples corresponding to 0 mJ, 3 mJ, 21 mJ, and 63 mJ (Figure 4(a)) show a
sharp ZnSe peak at around -790 arcsec and clear Pendellésung fringes, indicating that the ZnSe
epilayer is of high crystallinity and the interface is abrupt. Figure 4(b) shows the thickness of
the ZnSe epilayers obtained from HRXRD curve simulations. With increasing laser power, the
ZnSe epilayer thickness increases slowly up to 150 nm. This result verifies that the ZnSe
growth rate can be slightly enhanced through efficient cracking of Se molecules with sufficient
photon flux. A point is reached, however, where the laser power damages the ZnSe. The sample
grown under the highest laser power of 146 mJ showed a black circular mark with a radius of
1 cm (inset of Figure 4(b)), and the thickness could not be extracted from HRXRD curve
simulation due to the absence of the Pendellésung fringes. The ZnSe peak position of this
sample is also shifted to around -840 arcsec, which represents a strain higher than 0.27%
(Figure 4(c)).

To better understand the origin of these changes, we have analyzed the samples with
XTEM and LT-PL. Figure 5(a-h) shows TEM images obtained in a Titan Themis-Z TEM
system. Figures 5(a) and 5(d) are images of two different areas of the Dark MBE sample grown

at 200°C. Several planar defects, including stacking faults, were observed across the sample
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[25]. Figures 5(g) and 5(h) are high resolution images of Defect 01 and Defect 03, shown in
Figures 5(a) and 5(d), respectively. The density of these defects, identified by counting in
representative TEM images, decreases in the sample grown under photo-irradiation. Figure
5(b) shows a large area XTEM image of the sample grown under 63 mJ of laser irradiation,
while Figure 5(e) shows a high-resolution image of the Defect 04. Fast Fourier transform (FFT)
images of selected areas in Figure 5(b) of ZnSe (Area 1), the ZnSe/GaAs interface (Area 2)
and GaAs (Area 3) confirms the zincblende (ZB) structure in each layer and a highly coherent
interface. Low temperature PL measurements, shown in Figures 6(a-d) and Figure S4(a),
indicate that with increase of laser power to 63 mJ, the intensity of the ZnSe-based DLE and
119¢¢P emission is suppressed and the spectral width of the DXvn peak narrows slightly. This
evolution denotes a corresponding reduction in point defects. Figure 6(b) shows the
corresponding NBE/DLE ratios, which rise beyond 100 for ZnSe layers grown under photon
energies of 63 mJ.

With further increase of laser power to 146 mJ, the planar defect density drops again
in the ZnSe region near the GaAs interface, as shown in Figures 5(c) and 5(f). However, the
layer thickness is confirmed to decrease to 15 nm (marked in Figure 4(b)). Notably, this sample
does not exhibit any appreciable PL, likely due in part to its thinness. Despite the visible
damage at the surface, the interface between the ZnSe and GaAs layers appears to be abrupt.
Elemental EDS maps, presented in Figure 5(i) of the high-angle annular dark-field imaging
area (Figure S1), corroborate the assessment that laser powers up to 146 mJ do not cause
excessive intermixing on the order of atomic percent across the ZnSe/GaAs interface compared
to the Dark (0 mJ) condition. PL measurements were additionally used as a more sensitive
probe of laser-induced growth changes at the interface. PL emission from the GaAs epilayers
beneath the ZnSe is shown in Figure 6(e) and Figure S4(b). Measurements were performed
with a Nd:YVO laser (532 nm) to avoid absorption in the ZnSe epilayer. The excitation power
was set to 0.31 mW, and a 150 I/mm grating and 570 nm long-pass filter were used. All
samples, including the one grown under 146 mJ of photon energy, exhibited strong emission
from the GaAs epilayer. The spectra consist of donor-bound (DX) and free (FX) excitonic
emission, a carbon-bound emission (Cas) and its phonon replica (Cas’), and a parasitic emission
(P) [5]. The parasitic emission has been observed in GaAs if the surface is exposed to excess

Zn or Se [5, 6] and can thus serve as an indicator of intermixing at the scale of impurity levels
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across the ZnSe/GaAs interface. The intensity of the parasitic emission increases with
increasing laser powers above 3 mJ and is especially pronounced in the sample grown under
146 mJ. The low energy tail has also been attributed to a complex mixture of elemental species
in GaAs [11].

Together, the XTEM, EDS and PL results suggest that photo-irradiation at moderate
to high laser powers produces a trade-off in interface intermixing and planar defect formation
in bulk ZnSe. Most importantly, the damage produced by high laser powers (in this case, those
near 146 mJ) does not start at the interface but instead in the bulk. A likely source of this
damage is excessive desorption of adatoms (especially Se) over a prolonged growth period,
resulting in a rougher surface and a presumably Zn-rich layer. Thus, a threshold laser power
can be reached, even at low substrate temperatures, above which photo-irradiation is

detrimental to ZnSe growth.

Conclusion

In this work, we investigated the effect of in-situ above-bandgap photo-irradiation on the
growth of ZnSe epilayer on GaAs. We find that the above-bandgap photo-irradiation can
improve the ZnSe epilayer without substantially negatively impacting the underlying GaAs
epilayer only if the laser power is below a threshold intensity. When the threshold is exceeded,
the growth rate drops and the optical properties of the ZnSe epilayer deteriorate. The
deterioration is mainly initiated during bulk layer growth rather than at the interface, although
some interfacial intermixing is observed. Photo-irradiation can aid epitaxial growth of
dissimilar materials with different temperature sensitivities primarily by reducing the substrate
temperature requirements, thereby allowing the topmost epilayer to be grown at nominally
lower substrate temperatures without significant impact to the optical material quality. Further
flexibility for selecting the temperature and photo-irradiation intensities could be realized by
turning on the laser irradiation after the ZnSe growth has been initiated, limiting the potential

intermixing at the interface.
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Figure captions
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FIGURE 1. Schematic of the ZnSe growth on GaAs via resistive heating and photo-irradiation.
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A pulsed laser having 248 nm of wavelength was used to illuminate sample surface during
growth.
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FIGURE 2. (a) and (b) shows HRXRD curves of the samples corresponding to dark (resistive
heating) MBE growth and laser MBE growth, respectively. Based on (a) and (b), the changes
in peak position and thickness of ZnSe layer were obtained. (c) and (d) presents the shift of
peak position corresponding to ZnSe layer with the change of growth temperature. (e) and (f)

shows the changes in thickness of ZnSe layer as a function of growth temperature, respectively.
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FIGURE 3. (a) and (b) represents LT-PL (6 K) spectra in the range of 1.8-3.0 eV of the samples
corresponding to dark and laser MBE growth, respectively. (c) and (d) shows LT-PL (6 K)
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spectra of the samples of (a) and (b) within NBE range, respectively. (e) represents the
NBE/DLE ratio of the two sample groups. (f) shows the enhancement of the FXLn emission
with increase of growth temperature. (g) and (h) represents the suppression of 119 emission

with increase of growth temperature of Dark and Laser MBE samples, respectively.
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FIGURE 4. (a) represents HRXRD curves of the laser MBE sample grown at 200°C. (b) and
(c) are thickness change and peak position shift as the functions of the energy of pulsed laser,
respectively. The inset in Figure 4(b) shows photographic image of the sample corresponding

to the laser power of 146 mJ.
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FIGURE 5. (a) and (d) are TEM images of sample corresponding to 0 mJ. (g) and (h) are
HRTEM images of selected areas of Figure 5(a) and 5(d). (b) and (c) are TEM images of
samples corresponding to 63 mJ and 146 mJ, respectively. (e) and (f) are their corresponding
HRTEM images of selected areas. (i) shows EDS maps of samples corresponding to 0 mJ, 63
mJ and 146 mJ, respectively (from left to right). Inset in Figure 5(b) represents FFT images of

the areas (1), (2) and (3) where g indicates the growth direction.

18

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



-
1]
o

Laser MBE 200°C NBE | Laser MBE 200°C'_' T (—l.‘;)-
(a) w 100
-
[m] r -
w 50 | 7
m * )
0mJ DLE = r No signal
ol o
1 " 1 L 1 M L M 1 " 1

0 30 60 90 120 150
Laser power (mJ)

||1:|eep
0mJ
(c)

1 M L M 1 " 1

2.78 2.784 2.788 2.792 2.796
Energy (eV)

Normailzed PL intensity (a.u.)

146 mJ

i 1 L 1 i 1 i 1 " |61K
18 2 22 24 26 28 3

Energy (eV)

PL intensity (a.u.)

Laser MBE 200°C Laser MBE 200°C 6K

(d) (e)
0mJ

5 S
5 ©
2 z
g 2
'2 deep, g
£ |1§er1L0 .y, =
-l
o omJ E.l
o -
8 g
T = . p/ Cas DX FX
£ £ Che
(=) ]
=z 2
, , . 6K 146 mJ A
275 217 219 281 2.83 14 143 14 149 152
Energy (eV) Energy (eV)

FIGURE 6. (a) shows LT-PL (6 K) PL spectra of laser MBE samples in a wide. (b) presents
NBE/DLE ratio change as a function of energy of pulsed laser which obtained from Figure 4(a).
(c) shows spectral width of the NBE emission. (d) and (e) represents LT-PL (6 K) PL spectra
of the samples which probed by 405 nm and 532 nm lasers to see emission from ZnSe and

GaAs layers of the samples, respectively.
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Table 1. Power density and photon flux density of 248 nm KrF excimer laser used in the sample
growth. The repetition rate and spot size were 10 Hz and 7x7 mm?, and the laser power at the

illuminated area of the sample is controlled with a variable laser beam attenuator.

Average Power density

Laser power (mJ) Photon flux density (x10'® photons/cm?-s)

(mW/cm?)

3 60 7.5
21 430 53.8
63 1,290 161.2

146 2,980 3725
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