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Abstract: Using molecular beam epitaxy, we prepared seven p-type AlGaN samples of ~25% in
Al content, including six samples with Mg-doped/un-doped AlGaN alternating-layer structures
of different layer-thickness combinations, for comparing their p-type performances. Lower sheet
resistance and higher effective hole mobility are obtained in a layer-structured sample, when com-
pared with the reference sample of uniform Mg doping. The improved p-type performance in a
layer-structured sample is attributed to the diffusion of holes generated in an Mg-doped layer into the
neighboring un-doped layers, in which hole mobility is significantly higher because of weak ionized
impurity scattering. Among the layer-structured samples, that of 6/4 nm in Mg-doped/un-doped
thickness results in the lowest sheet resistance (the highest effective hole mobility), which is 4.83 times
lower (4.57 times higher) when compared with the sample of uniform doping. The effects of the
Mg-doped/un-doped layer structure on p-type performance in AlGaN and GaN are compared.

Keywords: p-type AlGaN; Mg doping; alternating-layer structure; hole mobility; sheet resistance

1. Introduction

Ultraviolet (UV) light is useful for many applications, including water, air, and surface
sterilizations, medical light therapy, forensic analysis, drug discovery, DNA sequencing,
etc. The fabrication of solid-state source in the UV range below 365 nm requires the ternary
compounds of AlGaN [1,2]. So far, the efficiencies of UV light-emitting diodes (LEDs)
based on AlGaN are still quite low, particularly those in the deep-UV wavelength range
(<300 nm) [3–5]. Among several crucial factors for such a low efficiency, the difficulty of
growing high-conductivity Mg-doped p-AlGaN is an important issue. Due to this difficulty,
usually a p-GaN layer is applied to the top of such a UV-LED for improving its electrical
behavior or reducing its device resistance. However, this p-GaN layer can absorb the
emitted light from an AlGaN quantum well and decrease the light extraction efficiency
of the LED. Therefore, enhancing the conductivity of Mg-doped AlGaN is a crucial issue
for improving the performance of an AlGaN-based UV-LED. This issue is particularly
important as high-quality transparent conductor in the UV range is still rare.

Besides the conventional Mg-doping method for fabricating p-type AlGaN, an AlGaN
structure with decreasing Al content along the c-axis has been proposed for producing
polarization-induced holes [6–10]. This approach uses the gradient of internal polarization
field for generating a continuous hole gas distribution. In growing an AlGaN layer with
an Al-content gradient for generating a p-type behavior, this gradient (in %Al/nm) is a
crucial factor. It has been shown that the p-type conductivity of such an AlGaN layer
increased with increasing Al-content gradient. It was observed that for a gradient lower
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than 0.28% Al/nm, the native n-type donors could hinder the polarization induced p-type
behavior [10]. Therefore, AlGaN crystal quality is important for achieving a polarization
induced p-type behavior. In UV-LED application, the available Al-content range for
forming a p-type AlGaN with an Al-content gradient is limited to avoid the absorption
of emitted UV light. For instance, if the emission wavelength of an AlGaN quantum
well is 260 nm, the Al content for forming a polarization-induced p-type AlGaN layer to
integrate with the quantum well must be higher than ~57%, which corresponds to the
AlGaN bandgap of 4.77 eV [11]. This limitation may make the usable Al content range small
and hence the polarization-induced behavior weak. Therefore, Mg-doping for fabricating
p-type AlGaN is still a technique deserving further development.

One of the major causes for the low conductivity of Mg-doped AlGaN is the increasing
activation energy of Mg acceptor in AlGaN with increasing Al content from ~170 meV in
GaN to ~510 meV in AlN [12,13]. The high activation energy leads to a relatively lower hole
concentration even though Mg doping concentration is high and hence a low conductivity
level according to the equation,

σ = qnµ or R =
1

qNµ
(1)

here, σ is the conductivity, q is the electron charge, n is the hole concentration, R is the sheet
resistance, N is the sheet hole concentration, and µ is the hole mobility. Following the trace
of developing p-GaN [14–20], a few approaches have been developed for improving the
p-type conductivity of Mg-doped AlGaN, such as the technique of delta-doping [15]. With
metalorganic chemical vapor deposition (MOCVD), the resistivity of a high-Al AlGaN
sample could be reduced by using a high V/III ratio and a moderate level of Mg doping [21].
Based on the method of indium-surfactant-assisted Mg delta-doping with MOCVD in
an Al0.4Ga0.6xN sample, the hole concentration could reach 4.75 × 1018 cm−3 and the
sheet resistance of 2.46 × 104 Ω/sq was achieved [16]. Using molecular beam epitaxy
(MBE), liquid-metal-enabled synthesis of 70-% Al content AlGaN could result in a hole
concentration of 6 × 1017 cm−3 [22,23]. Also, with MBE growth for 60%-Al AlGaN, hole
concentration up to 8.7 × 1017 cm−3, hole mobility in the range of 10–17 cm2/V-s, and
a minimum resistivity of 0.7 Ω-cm were achieved [24]. Meanwhile, based on MOCVD
growth, a metal-source flow-rate modulation epitaxy method was used for growing 43%-Al
AlGaN to achieve a hole concentration of 2.3 × 1017 cm−3 and resistivity of 12.7 Ω-cm [25].
To improve Mg-doped p-type conductivity of AlGaN, past efforts were mainly focused on
the increase in Mg doping concentration or the reduction of activation energy. However,
usually the increase of Mg doping or the enhancement of activation efficiency, i.e., the
increase of hole concentration, leads to stronger hole scattering by ionized and non-ionized
impurities, resulting in the reduction of hole mobility [26,27]. According to Equation (1),
while the increase of hole concentration can enhance the conductivity, the reduction of hole
mobility leads to a lower conductivity level. Unless hole mobility can be maintained or
enhanced, it is difficult to significantly improve the conductivity of Mg-doped p-AlGaN by
simply increasing hole concentration.

Recently, a concept that separates the locations of effective hole generation and high
hole mobility for obtaining high effective conductivity has been demonstrated [28]. By
growing a nanometer-scale Mg-doped/un-doped GaN alternating-layer structure, holes
generated in an Mg-doped GaN layer can diffuse into the neighboring un-doped GaN
layers, in which hole mobility is significantly higher because of weak impurity scatter-
ing. By combining the effective hole generation in Mg-doped GaN layers and the high
hole mobility in un-doped layers, record-low p-type GaN resistivity of 0.038 Ω-cm was
achieved [28]. In the current research, we apply the same concept to the growth of Mg-
doped p-type AlGaN for improving its conductivity. In Section 2 of this paper, the sample
structures, growth conditions, and material characterization results are presented. The Hall
measurement results are reported in Section 3. Further discussions about the results are
made in Section 4. Finally, the conclusions are drawn in Section 5.
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2. Sample Structures, Growth Conditions, and Material Characterization Results

Eight AlGaN samples are prepared with MBE for comparison, including an un-
doped AlGaN, a uniformly Mg-doped AlGaN, and six alternating Mg-doped/un-doped
AlGaN layer-structured samples. All the samples are grown on GaN templates, which are
fabricated with MOCVD on double-polished c-plane sapphire substrates. For preparing a
GaN template, after a buffer layer growth at 530 ◦C on sapphire substrate, a GaN layer of
~4 micron in thickness is deposited at 1060 ◦C. As listed in row 1 of Table 1, the uniformly
un-doped and uniformly Mg-doped AlGaN structures are designated as samples uf-u and
uf-p, respectively. In either sample, the growth time for the 250-nm thickness is 120 min,
corresponding to a growth rate of ~2.08 nm/min. As schematically illustrated in Figure 1,
an alternating-layer structure, designated as sample dp/du, consists of a certain period
number of Mg-doped and un-doped AlGaN layers with dp and du for the layer thicknesses,
respectively, as also listed in row 1 of Table 1. For instance, the thickness of a single Mg-
doped (un-doped) layer of sample 6/4 is 6 (4) nm. In each layer-structured sample, the
MBE growth on a GaN template starts with an un-doped AlGaN layer of du in thickness
and ends with an Mg-doped AlGaN layer of 20 nm in thickness. The growth period number
is chosen to make the total AlGaN thickness close to 250 nm. The growth period numbers
for the layer-structured samples are listed in row 2 of Table 1. Row 3 of Table 1 shows
the total AlGaN thicknesses of all the samples under study. In MBE growth, the substrate
temperature, Tsub, is 745 (742) ◦C for growing an un-doped (Mg-doped) AlGaN layer. The
Ga effusion cell temperature, TGa, is 1048 (1062) ◦C for growing an un-doped (Mg-doped)
AlGaN layer. For either un-doped or Mg-doped growth, the Al effusion cell temperature,
TAl, is fixed at 935 ◦C. For Mg-doped growth, the Mg effusion cell temperature, TMg, is
fixed at 340 ◦C. The plasma power is 250 W and N2 flow rate is 0.6 sccm.

Table 1. Structures and characterization results of the samples under study.

Sample uf-u uf-p 10/10 8/8 6/6 4/4 8/4 6/4

Period number — — 12 15 20 30 20 24
AlGaN thickness (nm) 250 250 250 252 254 256 252 254

XRDω-scan
FWHM (arcsec) 256.4 263.0 278.4 295.4 298.5 308.8 298.0 302.2

Roughness (nm) 1.3/0.9 1.1/0.8 2.0/2.5 1.7/1.5 1.8/1.7 1.6/1.3 1.8/2.1 2.0/1.5
V-pit (hillock) density (108 cm−2) (1.33) (2.22) 3.7 1.1 2.0 9.5 3.4 3.2

Sheet hole concentration (×1012 cm−2) — 6.0 8.25 6.5 5.25 4.75 6.75 6.25
Sheet resistance

(×105 Ω/sq) — 1.16 0.35 0.29 0.30 0.32 0.28 0.24

Effective hole mobility
(cm2/V-s) — 7.9 18.3 27.3 35.3 35.7 28.9 36.1

Effective hole concentration
(×1017 cm−3) — 2.4 3.3 2.6 2.1 1.9 2.7 2.5

Effective resistivity
(Ω-cm) — 2.9 0.88 0.73 0.74 0.79 0.70 0.61

The Al effusion cell temperature is adjusted for controlling the Al content of AlGaN at
around 25%. Figure 2 shows the ω-2θ scan result in X-ray diffraction (XRD) measurement
of sample uf-u. Here, the black and red curves correspond to the measurement and fitting
results, respectively. The crystal planes for the scan features are labeled in the figure. The
origins of the three un-labeled minor humps (two left to and one right to the main peaks)
are unknown. The XRD peak of GaN 10–11 and another feature between 1250 and 2500 s
(not labeled) in Figure 2 can be observed in the used GaN template. Therefore, they have
nothing to do with AlGaN growth. It is speculated that such GaN crystal features were
produced when the thick GaN layer was grown on sapphire substrate with MOCVD. In
this process, before GaN growth reached a stable condition, other crystal structures might
exist in the template, leading to the observations of these two features. From the fitting
result of the AlGaN 0002 feature, we learn that the Al content of this sample is 24.7%. The
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ω-2θ scans of XRD measurement are performed for all other samples to give Al contents
all around 25%. The XRD ω-scan results of all the samples are also obtained to give the
full-widths at half-maximum (FWHMs) of the scan patterns in row 4 of Table 1. Here, one
can see that after Mg doping, theω-scan FWHM is slightly increased. In a layer-structured
sample, theω-scan FWHM is further increased. Either a thinner Mg-doped or un-doped
layer in a layer-structured sample leads to a larger ω-scan FWHM. Figure 3 shows the
reciprocal space mapping (RSM) result of sample uf-p. Here, the two features around the
figure center correspond to the AlGaN and GaN crystals. The vertical dashed line connects
the centers of the AlGaN and GaN features, indicating that the 250-nm ~25%-Al AlGaN
grown on the GaN template is fully strained. Based on the similar RSM results of other
samples, we find that the ~250 nm AlGaN with ~25% Al on a GaN template is always fully
strained no matter it is un-doped, uniformly doped, or with modulated doping. In other
words, the critical thickness of 25%-Al AlGaN grown on a GaN template is significantly
larger than 250 nm.
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Figure 4(a1,a2) show the atomic force microscopy (AFM) images of sample uf-u with
the dimensions of 15 µm × 15 µm and 3 µm × 3 µm, respectively. Figure 4(b1,b2), show the
results similar to those in Figure 4(a1,a2), respectively, for sample uf-p. In Figure 4(c1,c2),
and Figure 4(d1,d2), the similar results for sample 8/8 (4/4) are shown. A bright region
in those AFM images corresponds to a hillock on the surface. It has been reported that
around a threading dislocation, the AlGaN growth rate becomes higher [29]. Therefore,
a threading dislocation may exist beneath a hillock. Generally, a threading dislocation
ends on a sample surface with a V-pit. However, under our metal-rich growth condition,
a V-pit can be filled up to show a hillock structure. In Figure 4(a1,a2,b1,b2), for sample
uf-u (uf-p), only hillocks are observed. However, in Figure 4(c1,c2,d1,d2), for sample 8/8
(4/4), tiny dark spots around the centers of certain hillocks can be observed. Those dark
spots correspond to V-pits. Actually, on the surfaces of all the layer-structured samples
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under study, V-pits are observed. In Figure 4(d1,d2), for sample 4/4, one can see that the
dimension of high-density hillocks is significantly smaller than those in the other three
samples of Figure 4. The hillock size of sample 4/4 is smaller than those of all other samples
under study. V-pits can be observed in sample 4/4 even though they are quite small. In
row 5 of Table 1, the numbers before and after slashes correspond to the root-mean-square
roughness levels based on the AFM scans of 15 µm × 15 µm and 3 µm × 3 µm, respectively,
in dimension. Generally, the surface roughness in a layer-structured sample is larger, when
compared with sample uf-u or uf-p. In row 6 of Table 1, we show the surface V-pit densities
of those layer-structured samples. Also, we show the surface hillock densities within the
parentheses for samples uf-u and uf-p. The hillock or V-pit densities in all the samples
under study are on the order of 108 cm−2. One can see that with Mg doping in sample uf-p,
the hillock density is increased, when compared with sample uf-u. Also, except sample
10/10, the V-pit density increases with decreasing layer thickness in the layer-structured
samples.
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In Figure 5a, we show a cross-sectional transmission electron microscopy (TEM) image
of sample uf-p, demonstrating the extension of two dislocations from the GaN template
into the overgrown Mg-doped AlGaN layer. Here, the horizontal dashed line roughly
divides the layers of AlGaN and GaN. In a few TEM images, we observe that dislocations
in the Mg-doped AlGaN layer always originate from the GaN template. The TEM image in
Figure 5b shows the structure of a dislocation around its top end. The V-shaped structure
at the top end of the dislocation looks like a filled V-pit. This image may support the result
of no V-pit observation in the AFM images of this sample shown in Figure 4(b1,b2). In this
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sample, most V-pits can be filled up to show hillock structures under the used metal-rich
growth condition. Figure 6a shows a TEM image of sample 8/8 demonstrating an un-filled
V-pit structure with a dislocation beneath. Then, in Figure 6b,c, we show the formation
of a deep (shallow) V-pit in sample 8/8. The formation of the deep V-pit starts at the
beginning of AlGaN growth. The shallow V-pit is formed near the top surface. However,
no dislocation is observed beneath either deep or shallow V-pit. It is speculated that similar
to a dislocation structure, the growth rate around a dislocation-free V-pit also becomes
higher to consume the supplied constituent atoms of a fixed amount per surface area such
that a hillock is formed around such a V-pit. Therefore, the growth of a layered structure
can lead to the formation of a V-pit without a dislocation beneath. The formation of such
a deep V-pit can be attributed to the lattice mismatch between the GaN template and the
overgrown AlGaN. The formation of a shallow V-pit can be caused by the slight lattice
variation between Mg-doped and un-doped layers. It is noted that we use the individually
optimized growth conditions for depositing Mg-doped and un-doped layers. The different
growth conditions lead to slightly different lattice structures between Mg-doped and un-
doped layers. The accumulation of such small lattice variations can result in the formation
of a shallow V-pit, as shown in Figure 6c. In this regard, a layered sample with a smaller
layer thickness or a larger layer-period number can lead to a stronger accumulated lattice
variation effect such that its V-pit density becomes higher. This speculation is roughly
supported by the data in row 6 of Table 1, particularly those of samples 4/4, 6/6, and
8/8. However, the mechanism for such a behavior is still unclear and deserves a future
study. The accumulated lattice variations between Mg-doped and un-doped layers can
also increase the ω-scan FWHM in a layered sample. In this regard, a layered sample with
a larger layer-period is expected to have a largerω-scan FWHM, as confirmed by the data
in rows 2 and 4 of Table 1. It is noted that we cannot differentiate an Mg-doped layer
from an un-doped layer in the TEM images of Figure 6a–c because the difference between
their lattice structures is small. Moreover, as the hillock height is only several nm, which
is significantly smaller than its lateral dimension at several hundred nm, it is difficult to
observe a hillock structure based on the TEM observation here.
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Figures 7 and 8 shows the measurement results of the secondary ion mass spectroscopy
(SIMS) for sample uf-p (8/8). The SIMS measurements were performed by the company of
MA-tek, Hsinchu, Taiwan. In the measurements, a data point was taken every 0.66 nm in
sample depth. However, the ion diffusion within a certain depth range existed. The depth
resolution was estimated to be a couple nm. In Figure 7, with the left ordinate, we can read
the depth-dependent distribution of absolute Mg doping concentration in sample uf-p.
With the right ordinate, we show the distributions of relative concentrations of Ga, Al, and
N based on the same measurement. From the distributions of Ga and Al, we can see that
the AlGaN/GaN interface is located at ~250 nm in depth, which is indicated by the vertical
dashed line. The higher signal level near the sample surface in the depth range of 0–15 nm
is caused by system operation and does not represent a real Mg-doping result. The higher
Mg concentration around the AlGaN/GaN interface in the depth range of 230–270 nm
is caused by the outburst of Mg atoms when its effusion cell shutter is opened after a
long shut-down duration. The outburst of Mg atoms leads to a higher doping level for
a certain duration or AlGaN thickness. Doped Mg atoms in AlGaN can diffuse into the
neighboring GaN layer to produce the Mg distribution tail in the GaN template. In Figure 8
for sample 8/8, from the relative concentration distributions of Ga and Al, we can see that
the AlGaN/GaN interface is also around 250 nm in depth. However, the distribution of Mg
doping concentration starts at a smaller depth. This result has two attributions. First, in a
layer-structured sample, we grow an un-doped AlGaN layer first. Second, because of the
stronger Al-N bonding, the diffusion of Mg atoms in an un-doped AlGaN layer can be less
effective, when compared with that in GaN, leading to a smaller Mg diffusion depth in GaN.
The most important feature in the Mg distribution of sample 8/8 is the periodic variation
of Mg concentration along depth. The variation period is indeed around 16 nm, confirming
the growth of the Mg-doped/un-doped AlGaN alternating-layer structure with each layer
thickness at 8 nm in this sample. The observed small oscillation range of Mg concentration
has two causes. First, the depth resolution of SIMS measurement is not high enough for
well resolving the Mg concentration difference between the neighboring Mg-doped and
un-doped layers. Second, the residual Mg atoms in the growth chamber from the growth of
an Mg-doped layer can dope into the designated un-doped AlGaN layer in the subsequent
growth. Also, certain Mg atoms may diffuse from an Mg-doped layer into the neighboring
un-doped layers. In other words, practically we may form a high-Mg-doped/low-Mg-
doped layer structure in such a sample. Nevertheless, such a sample structure can still
provide us with the advantage of high hole concentration in a high-Mg-doped layer and
high hole mobility in a low-Mg-doped layer. By comparing Figures 7 and 8, we can see
that the Mg doping concentration in the designated Mg-doped layers of sample 8/8 is
higher than that of sample uf-p. In the depth range of 15–225 nm in Figure 7, the Mg
doping concentration is essentially uniform at ~9 × 1018 cm−3. In the depth range of
30–200 nm in Figure 8, the average Mg doping concentration is around 1.5 × 1019 cm−3.
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The depth-dependent distributions of Mg concentration in Figures 7 and 8 are individually
integrated to give the total doped Mg atoms per unit area at 3.67 × 1014 atoms/cm2 in
sample uf-p and at 5.98 × 1014 atoms/cm2 in sample 8/8. The total doped Mg atoms in the
layered structure of sample 8/8 is indeed larger than that in the uniformly-doped sample,
i.e., uf-p. This result can be attributed to the aforementioned Mg outburst behavior in
growing a layer-structured sample.
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3. Hall Measurement Results

From Hall measurements, we can identify the p-type behaviors of the samples under
study except sample uf-u. Also, we can obtain the sheet hole concentrations, sheet resis-
tances, and hence effective hole mobility levels of those samples, as shown in rows 7–9 of
Table 1, respectively. To clearly see the variation trends, in Figure 9, we compare the data
of samples uf-p, 10/10, 8/8, 6/6, and 4/4. Moreover, in Figure 10, we compare the data of
samples uf-p, 8/4, 6/4, and 4/4. In samples 10/10, 8/8, 6/6, and 4/4, the total Mg-doped
layer thickness is about the same as the total un-doped layer thickness. As shown in
Figure 9, the sheet hole concentration of sample 10/10 is significantly higher than that of
sample uf-p. This result implies that while the Mg supply duration in growing sample
10/10 is only about one-half that of sample uf-p, the overall (sheet) hole concentration is
higher in sample 10/10. This observation is also true for sample 8/8. As shown in the Mg
concentration distribution around the AlGaN/GaN interface of Figure 7 or Figure 8, the Mg
doping concentration reaches its maximum a certain period of time after the Mg cell shutter
is opened. Although it is difficult to estimate this period of time, it can be longer than 5 min.
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In other words, the maximum Mg doping concentration is reached after the AlGaN growth
thickness is larger than 10 nm after the Mg cell shutter is opened. In this situation, when
the Mg-doped layer in a layer-structured sample is thinner than 10 nm, the cumulative Mg
concentration in such a layer becomes lower. Therefore, the sheet hole concentration for
a layer-structured sample shown in Figure 9 decreases with decreasing Mg-doped layer
thickness. This variation trend can also be observed in Figure 10. The decreasing fraction
of total Mg-doped layer thickness from sample 8/4 to 4/4 further reduces the sheet hole
concentration. The discussions above are based on the reasonable assumption that the hole
generation efficiency is fixed among all the Mg-doped samples under study. It is noted that
a two-dimensional electron gas (2DEG) exists between the overgrown AlGaN structure
and the GaN template. However, the effect of this 2DEG on the Hall measurement result
is expected to be small because of the formation of a depletion region between the over-
grown p-type AlGaN and the 2DEG. The depletion region, which lies on the AlGaN side,
minimizes the effect of the 2DEG on a Hall measurement. Meanwhile, in a grown layered
structure, the injected current density decays along AlGaN depth in a Hall measurement.
Therefore, in the current study, the effects of the 2DEG on the Hall measurement results
must be small.
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In row 8 of Table 1 and Figures 9 and 10, we can see that the sheet resistance levels of
all the layer-structured samples are significantly lower than that of sample uf-p. The lowest
sheet resistance of 0.24 × 105 Ω/square is obtained in sample 6/4, which is 4.83 times
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lower than that of 1.16 × 105 Ω/square in sample uf-p. It is difficult to identify a clear
variation trend for the sheet resistance data among those layer-structured samples. In row
9 of Table 1 and Figures 9 and 10, we also show the variation of effective hole mobility,
which is obtained through Equation (1). In Figures 9 and 10, one can see that except sample
4/4, the effective hole mobility increases with decreasing layer thickness. The effective hole
mobility of sample 4/4 is close to those of samples 6/4 and 6/6. The highest effective hole
mobility of 36.1 cm2/V-s is obtained in sample 6/4, which is 4.57 times that of 7.9 cm2/V-s
in sample uf-p. Since the higher effective hole mobility in a layer-structured sample is
caused by the current flows in the un-doped AlGaN layers, its level is controlled by the
overall thickness fraction of un-doped layers and the fraction of holes diffused into the
un-doped layers from the Mg-doped layers. Between samples 8/4 and 6/4, the larger
thickness fraction of un-doped layer in sample 6/4 leads to a higher effective mobility level.
Among samples 10/10, 8/8, and 6/6, the increasing effective hole mobility with decreasing
layer thickness can be attributed to the increasing fraction of holes diffused into un-doped
layers. The fraction of hole diffusion saturates when the layer thickness decreases from 6 to
4 nm such that the mobility levels of samples 4/4, 6/6, and 6/4 are about the same.

The sheet resistance in a layer-structured sample can be quite low if both sheet hole
concentration and effective hole mobility are high. However, as shown in Table 1, among
the layer-structured samples, the highest sheet hole concentration in sample 10/10 cor-
responds to the lowest effective hole mobility, leading to the highest sheet resistance.
Although the sheet hole concentration of sample 6/4 is not the highest, its highest effective
hole mobility results in the lowest sheet resistance. In the bottom two rows of Table 1,
we show the effective hole concentration and effective resistivity of those p-type samples
by assuming that the hole concentration and mobility are uniform in the whole AlGaN
layer of each sample. This issue will be further discussed in the next section. The effective
resistivity of sample 6/4 can be reduced to 0.61 Ω-cm.

4. Discussions

In Table 2, we compare the results of effective hole concentration, effective resistivity,
and effective hole mobility between the GaN and AlGaN (~25% Al) samples of the similar
layer structures (samples 8/8 and 4/4). The results of the GaN samples are quoted from
ref. [28]. It is noted that the MBE growth conditions for the GaN and AlGaN samples are
quite different. Therefore, our comparison between the GaN and AlGaN samples focuses
at the effects of the layer structure. In Table 2, the numbers inside the parentheses show
the ratios of the results of layer-structured samples with respect to the corresponding
values of the uniformly-doped sample in either GaN or AlGaN sample group. From the
results of effective hole concentration in Table 2, one can see that the enhancement ratio
of hole concentration in a layer-structured AlGaN sample due to Mg outburst is smaller,
when compared with the corresponding GaN sample. In particular, the effective hole
concentration in the AlGaN 4/4 sample is lower than that of the corresponding uniformly-
doped AlGaN sample. This result can be attributed to the smaller Mg doping amount
in AlGaN within a short Mg-shutter open duration, when compared to GaN. It is noted
that the Ga-N bonding energy of 2.2 eV is smaller than that of the Al-N bonding energy
of 2.88 eV [16,30,31]. Therefore, in an Mg doping process, it is relatively more difficult to
replace an Al atom by an Mg atom, when compared with the replacement of a Ga atom. In
other words, the doping efficiency in AlGaN can be lower than that in GaN, particularly
within a short doping duration. From the results of effective resistivity and hole mobility in
Table 2, one can see that the effective resistivity can be more significantly reduced through
the formation of a layer structure in GaN, when compared with AlGaN. In GaN, a thinner
layer leads to a low resistivity level and a higher effective hole mobility. However, in
AlGaN, the variation trend is not straightforward. In AlGaN 8/8 sample, the effective
resistivity is reduced and the effective hole mobility is increased, when compared with the
corresponding uniformly-doped sample. However, in AlGaN 4/4 sample, although the
effective hole mobility is further increased, the resistivity is not further decreased. Besides
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the aforementioned lower doping efficiency, this result can be attributed to the relatively
poorer crystal quality in this sample. The high V-pit density and large ω-scan FWHM
in sample 4/4, as shown in Figure 4d2 and Table 1, imply the high defect density in this
sample. Defects in Mg-doped GaN or AlGaN can compensate generated holes and hence
degrade p-type performance.

Table 2. Comparison of the results of effective hole concentration, effective resistivity, and effective
hole mobility of samples uf-p, 8/8, and 4/4 between GaN and AlGaN.

Sample
GaN AlGaN

uf-p 8/8 4/4 uf-p 8/8 4/4

Effective hole
concentration
(×1017 cm−3)

2.84
(1) 9.17 (3.23) 7.39 (2.60) 2.4

(1)
2.6

(1.08)
1.9

(0.79)

Effective
resistivity

(Ω-cm)

1.55
(1)

0.191
(0.123)

0.063
(0.041)

2.9
(1) 0.73 (0.252) 0.79 (0.272)

Effective hole
mobility

(cm2/V-s)

14.2
(1) 35.5 (2.50) 135.3 (9.53) 7.9

(1) 27.3 (3.46) 35.7 (4.52)

In the bottom row of Table 1, we show the results of effective resistivity of all those
p-type samples. These results are obtained by assuming that the depth distributions of hole
concentration and mobility are uniform in the whole AlGaN layer of a sample. However, in
a layer-structured sample, the hole concentrations or mobility levels are different between
an Mg-doped and an un-doped AlGaN layers. In particular, the lower hole concentration in
an un-doped layer may result in resistance to vertical current flow in a Hall measurement.
Therefore, the lateral-flow current density is expected to decrease with sample depth. In
other words, the effective depth of current distribution in a layer-structured sample is
smaller than the total AlGaN thickness. Therefore, if we define the p-type layer thickness in
a layer-structured sample as its effective current penetration depth, the effective resistivity
of this sample becomes lower than what is shown in the bottom row of Table 1. In an
earlier study on layer-structured p-type GaN, based on this definition of p-type layer
thickness, a model was proposed for evaluating the current penetration depth and the
lower effective resistivity of a layer-structured sample [32]. However, it is noted that
in a Hall measurement, what we can directly measure are sheet carrier concentration
and sheet resistance. The determinations of effective carrier concentration and effective
resistivity rely on the definition of p-type layer thickness (either the whole layered structure
or the effective current penetration depth). The comparisons between the two different
carrier concentration and resistivity results based on the different definitions of p-type
layer thickness can provide us with certain insights about the conduction behavior of an
Mg-doped/un-doped layer structure, from which we can better design such a layered
structure, including the layer thickness and layer period number. Nevertheless, in practical
application, only the sheet resistance is of great concern. The determinations of effective
carrier concentration and effective resistivity are not very crucial in the effort of improving
the p-type behavior.

It is noted that Hall measurement is typically used for evaluating the resistivity of a
p- or n-type layer. In the scheme of such a measurement, mainly the lateral current flow
behavior is monitored. In device application, a bias voltage is applied across the layers
of an alternating-layer structure under study. In this situation, the vertical conductivity
relies on the conductivity in an un-doped layer, which depends on the hole diffusion range
from an Mg-doped layer into the neighboring un-doped layers [32]. In other words, the
thickness of an un-doped layer should be small enough, such as in the range of 2–4 nm.
Under this condition, the vertical resistivity can be in the same order of magnitude as that
in the lateral direction.
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Figure 11 shows the simulation results of Efp, n, and EV in sample 8/8 by assuming
that the Mg doping concentration in an Mg-doped layer is 2 × 1019 cm−3 and the acceptor
activation energy in AlGaN of 25% in Al content is 240 meV [33]. Here, Efp represents the
Fermi level energy of hole, n stands for the hole concentration, and EV denotes the valence
band energy. The oscillating behavior of hole concentration in Figure 11 indicates the
diffusion of holes from an Mg-doped layer into the neighboring un-doped layers. From the
curve of EV, we can see that the valence band energy at the center of an Mg doped layer is
lower than that at the center of an un-doped layer by 3.326 meV. This energy barrier is small
such that holes generated in an Mg-doped layer can easily diffuse into the neighboring
un-doped layers at room temperature.
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5. Conclusions

In summary, seven p-type AlGaN samples of ~25% in Al content, including six
samples with Mg-doped/un-doped AlGaN alternating-layer structures of different layer
thicknesses, have been fabricated based on MBE growth for comparing their p-type perfor-
mances. The sheet resistance was reduced and the effective hole mobility was increased
in a layer-structured sample, when compared with the reference sample of uniform Mg
doping. The improved p-type performance in a layer-structured sample was caused by the
diffusion of holes generated in an Mg-doped layer into the neighboring un-doped layers,
in which holes are able to transport with significantly higher hole mobility. Among the
layer-structured samples of different layer-thickness combinations, the sample of 6/4 nm
in Mg-doped/un-doped thicknesses led to the lowest sheet resistance (the highest effective
hole mobility), which was 4.83 times lower (4.57 times higher) when compared with the
sample of uniform doping.

Author Contributions: Sample growth with MBE and material characterization, C.-C.C.
(Chi-Chung Chen), Y.-R.L., Y.-W.L., C.-C.C. (Chung-Chi Chen) and T.-C.H.; TEM observation, Y.-C.S.
and P.-H.W.; Data interpretations, C.C.Y., S.M. and K.L.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan, The Republic
of China, under the grants of MOST 107-2923-M-002-005-MY3, MOST 108-2221-E-002-160, and MOST
109-2221-E-002-194, and received the support of US Air Force Office of Scientific Research under the
grant of AOARD-17IOA087.

Data Availability Statement: All the data supporting reported results can be found in the text of this
paper.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2021, 12, 835 13 of 14

References
1. Kneissl, M.; Kolbe, T.H.; Chua, C.; Kueller, V.; Lobo, N.; Stellmach, J.; Knauer, A.; Rodriguez, H.; Einfeldt, S.; Yang, Z.; et al.

Advances in group III-nitride-based deep UV light-emitting diode technology. Semicond. Sci. Technol. 2010, 26, 014036. [CrossRef]
2. Kent, T.F.; Carnevale, S.D.; Sarwar, A.T.M.; Phillips, P.J.; Klie, R.F.; Myers, R.C. Deep ultraviolet emitting polarization induced

nanowire light emitting diodes with AlxGa1-xN active regions. Nanotechnology 2014, 25, 455201. [CrossRef] [PubMed]
3. Shatalov, M.; Sun, W.; Lunev, A.; Hu, X.; Dobrinsky, A.; Bilenko, Y.; Yang, J.; Shur, M.; Gaska, R.; Moe, C.; et al. AlGaN

Deep-Ultraviolet Light-Emitting Diodes with External Quantum Efficiency above 10%. Appl. Phys. Express 2012, 5, 082101.
[CrossRef]

4. Takano, T.; Mino, T.; Sakai, J.; Noguchi, N.; Tsubaki, K.; Hirayama, H. Deep-ultraviolet light-emitting diodes with external
quantum efficiency higher than 20% at 275 nm achieved by improving light-extraction efficiency. Appl. Phys. Express 2017, 10,
031002. [CrossRef]

5. Hirayama, H.; Tsukada, Y.; Maeda, T.; Kamata, N. Marked Enhancement in the Efficiency of Deep-Ultraviolet AlGaN Light-
Emitting Diodes by Using a Multiquantum-Barrier Electron Blocking Layer. Appl. Phys. Express 2010, 3, 031002. [CrossRef]

6. Simon, J.; Protasenko, V.; Lian, C.; Xing, H.; Jena, D. Polarization-induced hole doping in wide-band-gap uniaxial semiconductor
heterostructures. Science 2010, 327, 60. [CrossRef]

7. Li, S.; Ware, M.E.; Kunets, V.P.; Hawkridge, M.; Minor, P.; Wu, J.; Salamo, G.J. Polarization induced doping in graded AlGaN
films. Phys. Status Solidi 2011, 8, 2182–2184. [CrossRef]

8. Li, S.; Ware, M.; Wu, J.; Minor, P.; Wang, Z.; Wu, Z.; Jiang, Y.; Salamo, G.J. Erratum: “Polarization induced pn-junction without
dopant in graded AlGaN coherently strained on GaN”. Appl. Phys. Lett. 2013, 102, 099901. [CrossRef]

9. Li, S.; Zhang, T.; Wu, J.; Yang, Y.; Wang, Z.; Wu, Z.; Chen, Z.; Jiang, Y. Polarization induced hole doping in graded AlxGa1−xN
(x = 0.7 ∼ 1) layer grown by molecular beam epitaxy. Appl. Phys. Lett. 2013, 102, 062108. [CrossRef]

10. Lytvyn, P.; Kuchuk, A.V.; Mazur, Y.I.; Li, C.; Ware, M.E.; Wang, Z.M.; Kladko, V.; Belyaev, A.; Salamo, G.J. Polarization Effects in
Graded AlGaN Nanolayers Revealed by Current-Sensing and Kelvin Probe Microscopy. ACS Appl. Mater. Interfaces 2018, 10,
6755–6763. [CrossRef] [PubMed]

11. Nepal, N.; Li, J.; Nakarmi, M.L.; Lin, J.; Jiang, H. Temperature and compositional dependence of the energy band gap of AlGaN
alloys. Appl. Phys. Lett. 2005, 87, 242104. [CrossRef]

12. Kim, D.J.; Ryu, D.Y.; Bojarczuk, N.A.; Karasinski, J.; Guha, S.; Lee, S.H.; Lee, J.H. Thermal activation energies of Mg in GaN:Mg
measured by the Hall effect and admittance spectroscopy. J. Appl. Phys. 2000, 88, 2564–2569. [CrossRef]

13. Nam, K.B.; Nakarmi, M.L.; Li, J.; Lin, J.; Jiang, H. Mg acceptor level in AlN probed by deep ultraviolet photoluminescence. Appl.
Phys. Lett. 2003, 83, 878–880. [CrossRef]

14. Zhong, M.; Roberts, J.; Kong, W.; Brown, A.S.; Steckl, A. p-type GaN grown by phase shift epitaxy. Appl. Phys. Lett. 2014, 104,
012108. [CrossRef]

15. Nakarmi, M.L.; Kim, K.H.; Li, J.; Lin, J.; Jiang, H. Enhanced p-type conduction in GaN and AlGaN by Mg-δ-doping. Appl. Phys.
Lett. 2003, 82, 3041–3043. [CrossRef]

16. Chen, Y.; Wu, H.; Han, E.; Yue, G.; Chen, Z.; Wu, Z.; Wang, G.; Jiang, H. High hole concentration in p-type AlGaN by
indium-surfactant-assisted Mg-delta doping. Appl. Phys. Lett. 2015, 106, 162102. [CrossRef]

17. Bayram, C.; Pau, J.L.; McClintock, R.; Razeghia, M. Delta-doping optimization for high quality p-type GaN. J. Appl. Phys. 2008,
104, 083512. [CrossRef]

18. Chen, Y.; Wu, H.; Yue, G.; Chen, Z.; Zheng, Z.; Wu, Z.; Wang, G.; Jiang, H. Enhanced Mg Doping Efficiency in P-Type GaN by
Indium-Surfactant-Assisted Delta Doping Method. Appl. Phys. Express 2013, 6, 041001. [CrossRef]

19. Kyle, E.C.H.; Kaun, S.W.; Young, E.C.; Speck, J.S. Increased p-type conductivity through use of an indium surfactant in the growth
of Mg-doped GaN. Appl. Phys. Lett. 2015, 106, 222103. [CrossRef]

20. Sarkar, B.; Mita, S.; Reddy, P.; Klump, A.; Kaess, F.; Tweedie, J.; Bryan, I.; Bryan, Z.; Kirste, R.; Kohn, E.; et al. High free carrier
concentration in p-GaN grown on AlN substrates. Appl. Phys. Lett. 2017, 111, 032109. [CrossRef]

21. Kinoshita, T.; Obata, T.; Yanagi, H.; Inoue, S.-I. High p-type conduction in high-Al content Mg-doped AlGaN. Appl. Phys. Lett.
2013, 102, 012105. [CrossRef]

22. Liang, Y.-H.; Nuhfer, N.T.; Towe, E. Liquid-metal-enabled synthesis of aluminum-containing III-nitrides by plasma-assisted
molecular beam epitaxy. J. Vac. Sci. Technol. B 2016, 34, 02L112. [CrossRef]

23. Liang, Y.H.; Towe, E.; Liang, Y.H.; Towe, E. Heavy Mg-doping of (Al,Ga)N films for potential applications in deep ultraviolet
light-emitting structures. J. Appl. Phys. 2018, 123, 095303. [CrossRef]

24. Liu, X.; Pandey, A.; Laleyan, D.A.; Mashooq, K.; Reid, E.T.; Shin, W.J.; Mi, Z. Charge carrier transport properties of Mg-doped
Al0.6Ga0.4N grown by molecular beam epitaxy. Semicond. Sci. Technol. 2018, 33, 085005. [CrossRef]

25. Luo, W.; Liu, B.; Li, Z.; Li, L.; Yang, Q.; Pan, L.; Li, C.; Zhang, D.; Dong, X.; Peng, D.; et al. Enhanced p-type conduction in AlGaN
grown by metal-source flow-rate modulation epitaxy. Appl. Phys. Lett. 2018, 113, 072107. [CrossRef]

26. Look, D.C.; Molnar, R.J. Degenerate layer at GaN/sapphire interface: Influence on Hall-effect measurements. Appl. Phys. Lett.
1997, 70, 3377–3379. [CrossRef]

27. Look, D.C.; Heller, E.R.; Yao, Y.F.; Yang, C.C. Significant mobility enhancement in extremely thin highly doped ZnO films. Appl.
Phys. Lett. 2015, 106, 152102. [CrossRef]

http://doi.org/10.1088/0268-1242/26/1/014036
http://doi.org/10.1088/0957-4484/25/45/455201
http://www.ncbi.nlm.nih.gov/pubmed/25327762
http://doi.org/10.1143/APEX.5.082101
http://doi.org/10.7567/APEX.10.031002
http://doi.org/10.1143/APEX.3.031002
http://doi.org/10.1126/science.1183226
http://doi.org/10.1002/pssc.201001072
http://doi.org/10.1063/1.4794848
http://doi.org/10.1063/1.4792685
http://doi.org/10.1021/acsami.7b19160
http://www.ncbi.nlm.nih.gov/pubmed/29381323
http://doi.org/10.1063/1.2142333
http://doi.org/10.1063/1.1286925
http://doi.org/10.1063/1.1594833
http://doi.org/10.1063/1.4861058
http://doi.org/10.1063/1.1559444
http://doi.org/10.1063/1.4919005
http://doi.org/10.1063/1.3000564
http://doi.org/10.7567/APEX.6.041001
http://doi.org/10.1063/1.4922216
http://doi.org/10.1063/1.4995239
http://doi.org/10.1063/1.4773594
http://doi.org/10.1116/1.4943016
http://doi.org/10.1063/1.5009937
http://doi.org/10.1088/1361-6641/aace97
http://doi.org/10.1063/1.5040334
http://doi.org/10.1063/1.119176
http://doi.org/10.1063/1.4917561


Micromachines 2021, 12, 835 14 of 14

28. Chen, H.T.; Su, C.Y.; Tu, C.G.; Yao, Y.F.; Lin, C.H.; Wu, Y.R.; Kiang, Y.W.; Yang, C.C. Combining high hole concentration in p-GaN
and high mobility in u-GaN for high p-type conductivity in a p-GaN/u-GaN alternating-layer nanostructure. IEEE Transact.
Electron Dev. 2017, 64, 115–120. [CrossRef]

29. Huang, C.-Y.; Chang, K.-S.; Huang, C.-Y.; Lin, Y.-H.; Peng, W.-C.; Yen, H.-W.; Lin, R.-M.; Kuo, H.-C. The origin and mitigation of
volcano-like morphologies in micron-thick AlGaN/AlN heteroepitaxy. Appl. Phys. Lett. 2017, 111, 072110. [CrossRef]

30. Ambacher, O. Growth and applications of Group III-nitrides. J. Phys. D Appl. Phys. 1998, 31, 2653–2710. [CrossRef]
31. Moon, Y.T.; Fu, Y.; Yun, F.; Dogan, S.; Mikkelson, M.; Johnstone, D.; Morkoç, H. A study of GaN regrowth on the micro-facetted

GaN template formed by in-situ thermal etching. Phys. Status Solidi 2005, 202, 718–721. [CrossRef]
32. Yao, Y.F.; Chen, H.T.; Kuo, Y.; Su, C.Y.; Tu, C.G.; Lin, C.H.; Kiang, Y.W.; Yang, C.C. Current penetration depth and effective

conductivity of a nano-scale p-GaN/u-GaN alternating-layer p-type structure. Superlattices Microstruct. 2018, 124, 107–112.
[CrossRef]

33. Download NTU-ITRI DDCC Trial Version. Available online: http://yrwu-wk.ee.ntu.edu.tw/index.php/download-ntu-itri-ddcc/
(accessed on 18 June 2021).

http://doi.org/10.1109/TED.2016.2631148
http://doi.org/10.1063/1.4999767
http://doi.org/10.1088/0022-3727/31/20/001
http://doi.org/10.1002/pssa.200461456
http://doi.org/10.1016/j.spmi.2018.10.012
http://yrwu-wk.ee.ntu.edu.tw/index.php/download-ntu-itri-ddcc/

	Introduction 
	Sample Structures, Growth Conditions, and Material Characterization Results 
	Hall Measurement Results 
	Discussions 
	Conclusions 
	References

