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Abstract: Wide bandgap III-V compounds are the key materials for the fabrication of short-wavelength
optical devices and have important applications in optical displays, optical storage devices and optical
communication systems. Herein, the variable-angle spectroscopic ellipsometry (SE) measurements are
performed to investigate the thickness and optical properties of beryllium-implanted gallium nitride
thin films that have been deposited on (0001) sapphire substrates by using low-pressure metalorganic
chemical vapor deposition (LPMOCVD). The film layer details are described by using Parametric
Semiconductor oscillators and Gaussian oscillators in the wavelength range of 200–1600 nm. The
thickness, refractive indices and extinction coefficients of the Be-implanted films are determined at
room temperature. Analysis of the absorption coefficient shows that the optical absorption edge
of Be-implanted films changes from 3.328 eV to 3.083 eV in the temperature range of 300–850 K.
With the variable temperature, Eg is demonstrated to follow the formula of Varshni. A dual-beam
ultraviolet–visible spectrophotometer (UV–VIS) is used to study the crystal quality of samples,
indicating that the quality of rapid thermal annealing (RTA) sample is better than that unannealed
sample. By transport of ions in matter (TRIM) simulation and SE fitting the depths of Be implanted
gallium nitride (GaN) films are estimated and in good agreement. The surface and cross-section
morphologies are characterized by atomic force microscopy (AFM) and scanning electron microscope
(SEM), respectively. The surface morphologies and thickness measurements of the samples show that
RTA can improve crystal quality, while increasing the thickness of the surface roughness layer due to
partial surface decomposition in the process of thermal annealing.
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1. Introduction

Gallium nitride (GaN) based semiconductor materials have drawn intensive attention for a long
time due to its some advantages of the large bandgap, high thermal conductivity and stable chemical
properties. It has been extensively used in high-temperature power devices, high-frequency microwave
devices and light-emitting diodes [1–4]. These devices are typically achieved by p-type and n-type
doping in metal–organic chemical vapor deposition (MOCVD) process [5–11]. Nitride materials are
usually doped with silicon (Si) or magnesium (Mg) to form n-type or p-type materials, respectively.
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Si is capable of forming effective doping as a shallow donor in GaN, and its ionization energy and
ionization electron concentration are around 35 meV and 1 × 1019 cm−3, respectively [12]. Pankove
argued that Mg had a low activation of the acceptor at room temperature (RT) due to the large optical
ionization energy which was about 250 meV [13]. However, the thermal ionization energy of p-type
impurity doped Mg is 150–200 meV above the valence band, which is easily affected by the residual
impurities in the material [10,14–16]. The ionization hole carrier concentration can reach more than
1 × 1018 cm−3, but it is hard to reach beyond 1 × 1020 cm−3 [17]. The selective area doping can
provide precise control of dopant concentration and depth distribution, which can be achieved by
ion implantation for semiconductor devices. Meanwhile, implantation-induced damage removal and
efficient activation of both p-type and n-type dopants are performed by high temperature rapid thermal
annealing (RTA) [18]. However, it is formidable to obtain p-type conductivity at RT for Mg-implanted
doping because implantation-induced damage may easily compensate the holes generated from Mg
acceptors with heavy-ion mass and deep acceptor levels [19].

Beryllium (Be) which is an element of the same chemical family as Mg in the periodic table of
elements, is the most promising candidate for p-type doping in GaN since its theoretical activation
energy of 60 meV [20]. The studies showed that Be-doped GaN was slight p-type conductivity [21]
because BeGa is a deep acceptor (EV + 0.55 eV) [22]. The interesting behavior observed is that Be exhibits
amphoteric behavior in GaN, involving switching between substitutional and interstitial positions in
the lattice [23]. Ronning et al. studied the optical activation of undoped GaN after Be implantation
and annealing, indicated the Be-related transition at 3.35 eV and defects related luminescence peak at
3.44 eV in the photoluminescence (PL) spectra measurement at 14 K [24]. The Be-related transition was
also observed at 3.363 eV in PL spectra of pulsed laser annealing sample, but could not find it in the
RTA sample [25]. The parallel results have been reported about Be-related emission detected by PL in
Be-doped GaN grown by molecular beam epitaxy (MBE) [26,27]. Many studies have been conducted
on Be implanted in undoped GaN [21,28]. Some studies revealed that minority carrier levels and
majority carrier traps were detected in the 0.18–1.2 eV and 0.2–1.2 eV energy range in Be-implanted
GaN epilayers [29,30]. In spite of Be being now considered for white light-emitting diodes (LEDs) or
for achieving high resistivity GaN layers [23,31], there is no systematic exploration of optical properties
of Be-implanted GaN, especially the change of refractive indices, extinction coefficients and bandgap
at high temperature.

In this paper, a series of Be-implanted GaN thin films with different RTA processes were
investigated by variable angle and temperature-dependent spectroscopic ellipsometry (SE). These
optical properties were obtained in a spectral range of 200 to 1600 nm (6.2–0.77 eV). The unannealed
sample was determined in the temperature range of 300–850 K. The cross-section microstructure and
epilayer total thickness of films were determined by scanning electron microscope (SEM). Additionally,
dual-beam ultraviolet-visible spectrophotometer (UV-VIS) was used to evaluate the crystal quality of
thin films and the thickness of the epilayer. The surface morphology was characterized by atomic force
microscopy (AFM). Moreover, Transport of ions in matter (TRIM) simulation was carried out to verify
the mean depth of Be ion implantation.

2. Materials and Methods

The hexagonal structure GaN epilayers with a thickness of about 2 µm were grown on (0001)
sapphire substrates by using low-pressure metalorganic chemical vapor deposition (LPMOCVD) with
trimethylgallium (TMGA) and ammonia (NH3) as the source precursors for Ga and N. The growth
temperature for the GaN buffer and the single crystal epilayer was 600 ◦C and 1100 ◦C, respectively.
During the LPMOCVD process, flow rates of TMG, NH3, and H2 were 10 µmol/min, 3.0 sl/min, and
0.5 sl/min, respectively, and reaction pressure in the chamber was 76 Torr. These GaN samples were
subsequently implanted at RT by a dose of 5 × 1014 cm−2 Be ions with an energy of 50 keV. After
implantation, RTA was carried out for 40 s at temperature 600 ◦C, 900 ◦C and 1100 ◦C with N2 as the
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ambient gas. To distinguish the details of each other, the implanted samples were named as follows, S0

(unannealed), S1 (RTA 600 ◦C), S2 (RTA 900 ◦C), S3 (RTA 1100 ◦C).
A dual rotating compensator Mueller matrix ellipsometer from Wuhan Eoptics Technology

Co. Ltd., China, was utilized to obtain the ellipsometric data, while the temperature of samples
was controlled with heating freezing stage system (THMS600). A continuous spectrum of incident
radiation was emitted by the light source that composes by a deuterium lamp and a halogen lamp.
SE measurements are considered as a non-destructive technique that can precisely measure optical
constants, surface roughness and thickness of thin films. It is based on the measurement of the change
in the polarization state, the ratio of amplitude (ψ) and phase difference (∆) of light upon reflection from
the surface and the interface, and the utilization of the appropriate dispersion models to fit SE data.
The SE experimental measurements were performed in a spectral range of 200–1600 nm (6.2–0.77 eV)
with a step of 0.5 nm, at three different angles of incidence (50◦, 60◦, 70◦) and the variable temperatures
were determined by an embedded thermocouple with temperature interval 50 K of 300 to 850 K.

The CompleteEASE software (J.A. WoollamInc.) was used to fit experimental data and analysis
optical constants, epilayers thickness and surface roughness of the Be-implanted GaN samples. The
samples were exposed to air such a long time that the surface has formed a covering layer due
to oxidation, contamination and other reasons. Therefore, the EMA/BeGaN/GaN/sapphire model
structure was established to describe this material system. The surface roughness was defined as the
average deviation from the mean surface height and described by the Bruggeman effective medium
approximation (EMA). The surface roughness consists of 50/50 in an EMA between atmosphere and
surface of BeGaN layer. The dielectric function of the sapphire substrate was provided by Adachi [32].
The BeGaN and GaN layers were described by Parametric Semiconductor oscillators (Psemi-M0
and Psemi-Tri) and Gaussian oscillators [33], as well as the epilayers dielectric functions can also be
performed by these oscillators. The Parametric Semiconductor models, developed by Herzinger and
Johs [34], have been successfully applied to fit the imaginary part of dielectric function (ε2) critical point
in direct bandgap semiconductors by combining a highly flexible functional shape and Kramers-Kronig
consistency [33]. It is a crucial part of the SE data analysis process to quantify the exactness between
the experimental data and the fitting data. The Mean Squared Error (MSE) is used to evaluate this
exactness of fitting. It is universally acknowledged that the smaller value of MSE, the better would be
the fitting between the measured SE data and the model data. The parameters of the oscillators in each
epilayer were adjusted, until the SE parameters ψ and ∆ of bilayer model match the experimental SE
data by using a regression fitting algorithm method.

UV-VIS was employed to measure optical transmission spectra in the wavelength region from 190
to 900 nm at RT. The spectra were recorded with a resolution of λ = 0.01 nm and photometric accuracy
of ± 0.3% for these optical transmittance measurements. AFM and SEM were used to obtain the film
surface morphology and cross-section structural information, respectively. TRIM simulation was used
for estimating the Be ion projection range of implanted GaN films.

3. Results and Discussion

3.1. Microstructural Characterization

In order to confirm the thickness of films, the cross-section micrographs are determined by SEM.
The Be-implanted GaN samples S0 and S3 are shown in Figure 1a,b, and the total thickness of epilayers
were 2171.62 nm and 2151.81 nm, respectively. For unannealed sample S0, it is obviously revealed that
a sharp interface can be seen on the implantation surface with a thickness of 152.82 nm. With RTA at
1373 K, the sample S3, however, an obvious interface under the same magnification is not observed.
This can be interpreted as high-temperature RTA repairs the damage caused by Be ion implantation
to regain the internal atomic redistribution after the implantation process. The AFM images of the
above films are exhibited in Figure 2a,b, where the RMS surface roughness is obtained at 6.48 nm and
33.72 nm in the area of 5 µm × 5 µm, respectively. It can be observed that there is a dramatic difference
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in the surface morphology between the unannealed sample and the RTA sample. Material bump in
the direction perpendicular to the sample surface is a direct result of ion-beam-induced porosity of
amorphous GaN, while large-scale surface roughness reflects the relief of stress associated with a
lateral expansion of the amorphous GaN film [35,36]. Combined with the studied results of SEM, the
AFM images provide a favorable characterization of the surface quality for the experimental samples.
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Figure 1. Scanning electron microscope (SEM) cross-section micrographs for Be-implanted gallium
nitride (GaN) (BeGaN/GaN/sapphire model structure): (a) unannealed sample; (b) post-implantation
rapid thermal annealing (RTA) at 1100 ◦C sample.

Figure 3 shows the optical transmission spectra of samples S0 and S3. It is clearly seen from this
figure that the sample S0 presented sluggish rising, but the sample S3 exhibited very sharp wavelength
cutoff curves, indicating that the crystal quality of RTA sample S3 is better than that unannealed
sample S0. Due to the interference effect between GaN and sapphire substrate, the transmittance of
samples in the UV-visible spectrum often reveals alternate maxima and minima in the long-wavelength
range, and the thickness of samples can be obtained indirectly from the transmittance data of adjacent
interference peaks. In the case of vertical incidence of light, the wavelengths corresponding to the
adjacent maximum value of the interference part in the reflection spectrum are λ1 and λ2, which are
determined by the following equation:

2n1d = mλ1 (1)

2n2d = (m + 1)λ2, (2)

where n1 and n2 are the refractive indices of GaN with respect to the wavelength of λ1 and λ2,
respectively, and m stands for the series of interference peaks. The calculation formula of film thickness
can be obtained from the above equation, expressing as [37]:

d = λ1λ2/[2(n1λ2 − n2λ1)]. (3)
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According to the above equations, we set n (n1 = 2.40, n2 = 2.39) [38,39] and evaluated thin-film
thickness by using adjacent interference peaks value near the wavelength of 600 nm. The mean values
of film thickness for samples S0 and S3 can be reckoned at about 2183.1253 nm and 2166.2872 nm,
respectively. The results are well consistent with SEM data. Furthermore, to investigate the mean
depth of Be ion-implanted GaN, TRIM simulation is applied as a promising additional tool. Figure 4
shows the distribution of Be ions range in the GaN film for an ion beam energy of 50 keV. The mean
depth of Be-implanted GaN is 150.80 nm, which is fairly close to the results of SEM (152.82 nm).
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3.2. Optical Properties at Room Temperature

Figure 5a shows the best fitting results of ellipsometric spectra for Be-implanted GaN unannealed
sample S0 at RT for three incident angles 50◦, 60◦ and 70◦. SE experimental (dot lines) and model fitted
(solid lines) for ψ and ∆ versus energy at incident angles 60◦ for four samples at RT are demonstrated
in Figure 5b,c. As seen from these figures, the interference oscillations appeared below the bandgap
corresponding to the transparent region of the sample, and the oscillations vanish above the bandgap.
This difference appears due to the absorption of the incident light because of the interband transition.
Following the S0, the other samples have the same trends. In Table 1 the details of the thickness and
surface roughness for thin films are described which have been gained by SE. The total thickness of
GaN epilayers extracted from SE fitting agrees well with the values determined by SEM and UV–VIS.Crystals 2020, 10, x FOR PEER REVIEW 6 of 14 
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Figure 5. Spectroscopic ellipsometry (SE) experimental (dot lines) and model fitted (solid lines) ψ and
∆ spectra vs energy plots: (a) three incident angles (50◦, 60◦ and 70◦) of Be implanted GaN sample
S0 at room temperature (RT); (b) and (c) are psi and delta with incident angle 60◦ for four samples at
RT, respectively.
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The refractive index (n) and the extinction coefficient (k) of Be-implanted GaN at RT are shown
in Figure 6. As it is based on the GaN epilayer implantation experiment, in order to better illustrate
the variation before and after implantations that we have listed the relevant data of the pristine GaN
in Figure 6. As increasing the annealing temperature, there is a blueshift in the refractive index. The
extinction coefficient of the samples moves towards the high-energy direction with the increase of
annealing temperature. In a certain annealing temperature range, the increase of annealing temperature
is beneficial to the blueshift of optical constants (n and k). Compared to the hexagonal structure GaN,
the value of k in the low-energy part has a larger value than that Be implanted layer; whereas the value
of n for GaN has the highest value about the first turning point. There were three peaks (E1, E2, and E3)
in ε2 (ω) above the absorption edge in the energy range of 3–9.8 eV [40]. The peaks were primarily
caused by the Van Hove singularities in the projected joint density of single-particle states, and then the
peak intensities were strongly dependent on the attractive electron-hole interaction. Kawashima [38]
and Aleksandra [39] measured the n and k of GaN by using Adachi’s model dielectric function (MDF)
in the range of 1.5–10 eV, showing the consistent results which consisted of two CP’s. For GaN, the
peak of n at ~365 nm was associated with interband transitions (E0 gaps) and exciton contributions.
Yan et al. did not find a clear second peak in the range of 0.75–6.5 eV [41].
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Table 1. Thicknesses information of Be implantation into GaN from SE.

Sample GaN Layer/nm Implanted Layer/nm Surface Roughness/nm

0# 1986.74 ± 2.26 148.37 ± 1.32 9.01 ± 0.11
1# 1978.67 ± 0.51 80.69 ± 0.47 47.50 ± 0.09
2# 1988.59 ± 1.12 84.22 ± 0.94 51.97 ± 0.24
3# 1997.18 ± 0.37 96.43 ± 0.35 41.40 ± 0.05

The optical absorption coefficient α and bandgap Eg for direct band-gap materials can be obtained
from the relations expressed by using Equations (4) and (5) [42,43].

α = 4πk/λ (4)

α2 = A
(
}ν− Eg

)
, (5)

where λ represents the wavelength, A indicates a constant. Hence, the bandgap Eg can be deduced
from the variation of α with h̄ν. The values of Eg can be calculated at the point of α2 = 0 by linear
fit close to the absorption edge, as shown in Figure 7. It can be observed that the Eg of samples are
gradually increasing with the ascending annealing temperature. The bandgap Eg of the samples S0–S3

are 3.328 eV, 3.335 eV, 3.383 eV and 3.468 eV, respectivley. The previous studies showed that one
new line in the PL spectra at 3.35 eV provided strong evidence for the presence of optically active
Be acceptors and had been assigned to band-acceptor recombination [24]. In addition, the similar
results of Be-related emission were detected by PL in Be-implanted [25,28] and Be-doped [26,27] GaN
sample. Since the structural damage is mostly repaired by high-temperature RTA, the defect will no
longer be the main factor affecting the optical properties [44]. The bandgap values of sample S2 and S3

are very close to each other. The unannealed sample S0 has a minimum bandgap value of 3.328 eV,
and the annealing temperature of the highest 1100 ◦C sample S3 presents the maximum bandgap
value of 3.468 eV. The bandgap difference between sample S0 and sample S3 is only 140 meV. Different
annealing temperature has little effect on the bandgap of Be implanted layers. It manifests that in
GaN, interstitial Be undergoes a type of transient-enhanced diffusion until excess point defects are
removed by annealing, at which stage the Be is basically immobile [45]. With the increase of annealing
temperature, crystal ordering increases and the defects reduce gradually, giving rise to a change of
energy of electronic transition that intrigues the increment of the bandgap. The redshift of band edge
can also be observed in samples of different annealing temperatures. This redshift phenomenon can be
explained as the internal damage caused by ion implantation which will be effectively reduced by RTA,
so that partly Be ion can replace Ga site into the lattice and realize reordering.
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3.3. Study on Variable Temperature SE

The SE spectra of unannealed sample S0 in the temperature range from 300 K to 850 K are discussed,
where all SE experimental data are measured at the variable angles of 50◦, 60◦ and 70◦. The refractive
indices (n) and extinction coefficients (k) as a function of photon energy from 200 to 1600 nm can be
obtained from the ψand ∆data at different temperatures as shown in Figure 8. The inset of Figure 8a,b
display the change of optical constants causing by temperature. It is clearly revealed that the full width at
half maximum of refractive index peaks tends to increase in the range of 300–450 nm. There is a redshift
for the refractive index in the region of variable temperature. There is an absorption tail below bandgap
for extinction coefficients attribute to the existence of defect states and impurities. The overall trend of
refractive indices and extinction coefficients decrease and redshift as the temperature increase. That is,
the n and k have maximum values towards the shorter wavelength region (high energy region) when
the temperature changes from 300 to 850 K. The main reason for this phenomenon is that the bandgap of
semiconductor materials changes with temperature. This behavior can be accounted for the increase in
interatomic spacing when the amplitude of the atomic vibrations increases due to the increase of thermal
energy. An increased interatomic spacing decreases the potential of the electrons in the material, which
in turn reduces the bandgap. It means that applying high compressive (tensile) stress also causes an
increase (decrease) of the bandgap. Furthermore, this effect of increasing bandgap may also cause by the
lattice expansion of a material. The temperature dependence of the bandgap has been first proposed by
Varshni by following expression for bandgap Eg as a function of the temperature T [46]:

Eg(T) = Eg(0) −
aT2

T + b
, (6)

where Eg (0) is the bandgap at T = 0 K while a and b are constant parameters by fitting.
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Using the Equation (5), the optical bandgap is calculated from the square of absorption coefficient
α2 vs. photon energy with temperature varied from 300 K to 850 K, as demonstrated in Figure 9. The
values of the bandgap E0 are gained from a linear fit, indicating a feature of shifting to the lower
energy (red-shift) with increasing temperature. The change of bandgap E0 is in excellent agreement
with refractive indices and extinction coefficients. The bandgap decreases with the rise of temperature
and is exhibited in Figure 10, which is in good agreement with Equation (6). The value of bandgap
reduces from 3.328 eV to 3.083 eV in the temperature range of 300–850 K. The decrease of bandgap
with increasing temperature is generally contributed to two factors: (i) the lattice thermal expansion
and (ii) the change of the acoustic and optic phonons involved electron-phonon interactions [44,47,48].Crystals 2020, 10, x FOR PEER REVIEW 10 of 14 
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4. Conclusions

The influence of annealing temperature on optical properties of Be implanted GaN layers are
investigated by spectroscopic ellipsometry. The surface morphologies and thickness of the samples
imply that annealing can improve crystal quality but increase the thickness of the surface roughness
layer. The mean depth of Be ion-implanted GaN can be given by TRIM simulation and SE fitting.
With the increase of annealing temperature, the refractive index peak is found to shift from 368.0 nm
to 317.5 nm and the extinction coefficient moves towards the high-energy region. The bandgap Eg

of the samples S0–S3 are 3.328 eV, 3.335 eV, 3.383 eV and 3.468 eV respectively, at room temperature.
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In a certain annealing temperature range of 873–1373 K, the refractive index, extinction coefficient
and bandgap of the samples move towards the high-energy direction (blue shift) with the increase
of annealing temperature. For the unannealed sample S0, the value of bandgap varies from 3.328 eV
to 3.083 eV in the temperature range of 300–850 K. The bandgap Eg exhibits redshift with increasing
temperature, which is generally explained to the lattice thermal expansion and electron-phonon
interactions. This can provide the way for developing devices in high temperature, high power and
high-frequency microwave regions; hence, we conduct variable temperature SE to take the change of
refractive index, extinction coefficient and bandgap at high temperature as an important reference
in application.
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