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ABSTRACT
We report the fabrication of p-n+ diamond homojunction through an innovative approach of laser
irradiation in liquid-ambient. A shallow phosphorus-doped layer with a high electric conductivity
is processed on top of a p-type diamond substrate to form the p-n+ homojunction. The cur-
rent–voltage measurements at room temperature confirmed high conductivity of the induced n+
layer and showed exceptional rectification properties with an ideality factor of 1.07, excellent low
on-resistance of 3.7× 10−2 �cm2, and current density over 260Acm−2 at forward-biasing of 10 V.
Furthermore, undetectable leakage-current provides a rectification ratio exceeding 1010 at ±6 V,
promoting the junction in UV detection applications.

IMPACT STATEMENT
The process allows further selective and feasible patterned/shallow doping of diamond surfaces
beyond the conventional methods, with minimal power consumption and fast production rate,
providing more readily electrically contacted devices.
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Introduction

Homoepitaxial diamond attracts considerable atten-
tion, targeting exceptional diamond properties of wide
bandgap and high breakdown voltage [1,2]. Especially
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with diamond extreme radiation hardness, it is the
prime element for processing detection devices such
as beam-monitoring, particle-tracking, or UV detec-
tors [3,4]. In addition, its high charge carrier mobilities

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2022.2083457&domain=pdf&date_stamp=2022-06-17
http://orcid.org/0000-0001-9901-5525
http://orcid.org/0000-0001-5636-2316
http://orcid.org/0000-0003-0928-8752
http://orcid.org/0000-0002-6967-237X
http://orcid.org/0000-0002-5780-5585
mailto:abubakr_eslam@kyudai.jp
mailto:tsuyoshi_yoshitake@kyudai.jp
https://doi.org/10.1080/21663831.2022.2083457
http://creativecommons.org/licenses/by/4.0/


MATER. RES. LETT. 667

implement faster responses in electronic switches [5,6].
As compared to conventional semiconductor materials,
diamond-based devices yield exceptionally low leakage
current, affluent responsivity, and operate in harsh envi-
ronments, promoting the device industry [7,8]. However,
with such superior diamond characteristics, it is chal-
lenging to obtain n-type conduction due to the deep
donor state, and candidate donors with shallow energy
levels are challenging to incorporate [9]. In addition,
metal-diamond interfaces greatly complicate the fabri-
cation of the diamond devices [10–12]. Practical dia-
mond p-n junction requires a low-resistivity heavily-
doped layer to avoid voltage loss and Joule heating [13].
Recent studies have reported hetero-epitaxial junctions
between diamond and other n-type low-resistivity semi-
conductors. Yet, there are few studies regarding homo-
epitaxial diamond p–n junctions with high conductivity
doped layers [14].

Recently, laser processing of wide bandgap materials
has been extensively investigated due to its high spa-
tial resolution, temporal coherence, and ability to deliver
laser pulses with enormous intensity [15–18]. Thus, laser
processing is considered the prime candidate for shal-
low junction and smaller devices processing [19]. Pre-
viously, we confirmed efficient dopants incorporation to
the sub-surface layers of the monocrystalline diamond
through nanosecond pulsed laser irradiation [20–22].
Due to ultrafast quenching from laser-induced molten
phase, heavy doping exceeding equilibrium thermody-
namic solubility limits could be achieved while acti-
vating carriers in a single process with no need for
subsequent annealing. Dissimilar to ion implantation,
which tends to form structural defects, complex amor-
phous/graphite phases, and generate vacancies that com-
pensate the implanted dopants [23,24]. In the presented
study, we demonstrate the fabrication of a homoepi-
taxial diamond p–n+ junction by processing a heav-
ily phosphorus-doped layer through liquid-immersion
excimer laser irradiation on a lightly boron-doped p-type
substrate grown by Chemical Vapor Deposition (CVD).
We investigated junction formation by laser irradiation,
and its application in UV detection, as a novel technique
for devices fabrication.

Experimental methods

Monocrystalline p-type diamond substrates were
immersed in 85% phosphoric acid (H3PO4) and irra-
diated with pulsed Argon Fluoride (ArF) nanosecond
laser (193 nm, pulse width 20 ns). A laser beam with dif-
ferent profile dimensions is focused on the immersed
substrates and irradiated at room temperature/pressure
conditions, as shown in Figure 1(a). Following laser

irradiations, the electrical characteristics of irradiated
areas were deduced from current–voltage (I-V) mea-
surements using a computer-controlled (Keithley 2612)
source meter and low-current electrometer (Keysight
B2985A). Prior to electrical measurements, the irradi-
ated diamond substrates were cleaned by a boiling acids
admixture of H2SO4:HNO3 [3:1] at 250°C. The direct
placing of tungsten probes could evaluate the electric
properties of irradiated areas as it could easily initiate
the required ohmic properties with irradiated surfaces.
Therefore, the conventional metallic ohmic electrodes
are not required. The Phosphorus atoms incorporation
was measured by Secondary Ion Mass Spectrometry
(SIMS) in a standard facility available at the Founda-
tion for Promotion of Material Science and Technology
(MST-JP) (8.0 kV-accelerated primary ions of Cs+, and
φ 30μm probe-area). For SIMS experimental investi-
gation, insulating Ib HPHT substrates were employed
to confirm dopants incorporation. Furthermore, Atomic
ForceMicroscopic measurements (Nano RTM, close con-
tact mode) are conducted for estimating average surface
roughness. The stability of electrical properties and qual-
ity of laser-irradiated areas were examined under the
harsh irradiation with white-beam X-ray (10 MGy irra-
diation dose, 2.5 MGy/hr, beam area (400× 14) mm2)
available at SAGA Synchrotron Light Source (Saga-Ls-
BL09).

Results and discussion

Initially, the laser-induced doping processes were con-
ducted on HPHT insulating diamond substrates (Sumi.
Elec.) to confirm dopants incorporation and electrical
conductivity enhancement is activated by phosphorus
incorporation. The laser process formed irradiated areas
having nearly identical shape and size as the predesig-
nated laser beam profile. It further showed some non-
homogeneity of color inside same irradiated spot, that
can be attributed to the different densities in the same
pulse profile due to deflection interference at the laser
apparatus limiting slits and laser long path from source
to sample that could be affected with ambient conditions
[25,26]. Thus, in addition to the ablation process itself,
diamond surface roughness increased from 2 to 11 nm
as estimated from AFM measurements Figure 1(a). In
Figure 1(b), the depth profile of irradiated HPHT dia-
mond substrate, obtained from SIMS measurements,
shows the incorporation of phosphorus dopant atoms
within a depth of 50 nm upon laser irradiation with 50
shots at 4 J/cm2 and 1s repetition rate. Temperature
modeling of the irradiation process further confirmed
that it is mainly affecting the surface sub-layers with
penetration depth of only few tens of nanometers with
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Figure 1. (a) Schematic diagram of irradiation process (b) Phosphorus concentration depth profile into the diamond substrate. (c) I-V at
different temperatures showing RT current returns to almost the same value before annealing. Inset shows the temperature dependence
of electrical resistivity.

high spatial resolution and minimum stress on the sur-
rounding diamond. The peak temperatures drastically
increase with increasing fluences, manipulating irradia-
tion parameters, including laser intensity and frequency,
would significantly enhance the dopant incorporation
profile and increase the electrical conductivity [21]. Fur-
ther details are provided in the supplemental material
regarding process modeling and diagnostic of substrate
reflectivity.

I-Vmeasurements were conducted by directly placing
tungsten probes with the irradiated HPHT surfaces. An
acid mixture is applied for substrate cleaning whenever
electrical characterization is performed. Thus, cleaning
the surface from any metallic or possible graphite-like
residuals. Adsorbate oxygen during the acid treatment is
stable at moderate temperatures, and suppresses surface
conduction by reducing dangling bonds density through
O-termination [27]. This confirms that any obtained con-
ductivity would be mainly induced by dopant species
considering the original HPHT substrates high resistivity
1012 ∼1014 � cm, initiating a high potential barrier with
typically employed metal contacts. Owing to the high

dopant concentration induced by laser irradiation, laser
processed areas revealed high conductivities with low
activation energies enough to demonstrate ohmic prop-
erties by directly contacting probe-heads without intro-
ducing any metal electrodes deposition. The absence of
Schottky behaviors between the probe’s head and irradi-
ated areas confirms that laser-induced dopants incorpo-
ration reduced specific contact resistivities significantly.
Accordingly, it exhibited a clear linear response, as shown
in Figure 1(c), with no hysteresis in electrical conduc-
tion before and after the heating process. Resistivity was
roughly estimated to be 5× 10−2 �.cm, three orders
lower compared to previously reported studies [28]. The
resistivity was measured by the four-probe method and
calculated based on the following equation [29]:

ρ = V
I

∗ π

ln(2)
∗ t ∗ T

(
t
s

)
∗ F

(
w
s
,
l
w

)
(1)

where l,w, and t are dimensions of the irradiated areas, s is
the electrode spacing, I andV are the applied current and
measured voltage respectively. Due to small thickness of



MATER. RES. LETT. 669

the irradiated area and its finite shape,T and F are correc-
tion factors to compensate for small thickness compared
to probe spacing, and the limiting contour due to finite
dimensions of the irradiated area. Semiconducting prop-
erties of irradiated areas could be realized as shown in
the inset of Figure 1(c), with activation energies between
0.12 to 0.2 eV depending on the irradiation parameters,
which is comparable to results obtained for heavily doped
diamond [30–32]. The variation of its slope proposes
a potential modulation in carrier transport mechanism
[33,34]. The increased conduction at room temperature
(RT) also indicates that hopping conduction predomi-
nates, and band conduction is more likely to dominate
at higher temperatures. Furthermore, the irradiated area
was not affected with radiation exposure and maintained
its electrical properties after extreme radiation with 10
MGy of white-beam X-ray. This promotes the laser pro-
cessing of diamond for shallow doping and fabrication of
devices employed in harsh radiation applications.

For the formation of p-n+ homojunction, the insulat-
ing diamond substrates used in the previous experiment
were replaced by boron doped p-type substrates, followed
by laser irradiation processes.

The base is an HPHT-grown p+(100) substrates
3× 3mm2 (TISNCM, Russia) with boron concentra-
tion of 1020 cm−3 and resistivity of 100m�.cm to facil-
itate ohmic contacting. Lightly doped p− drift layer was
homo-epitaxially grown bymicrowave plasma-enhanced
(MW) CVD with a total gas flow of 500 sccm and
CH4/H2 ratio of 4.2%. The substrate temperature and
internal pressureswere 1100°C and 120Torr, respectively.
Metal-assisted termination (MAT) is employed to anni-
hilate threading dislocations through in-situ incorpora-
tion of metal impurities [35,36]. Therefore, a MAT buffer
layer heavily doped with Tungsten was homo-epitaxially
grown by Hot Filament CVD prior to the drift layer
for suppression of leakage current. The sample is then
immersed in phosphoric acid H3PO4 and irradiated with
ArF laser to process phosphorus-doped regions acting as
n-type wells.

Figure 2 shows the schematic diagram of the demon-
strated structure and typical room-temperature I–V
characteristics of the p–n+ junction. The I-V results dis-
closed optimal diode properties with undetectably low
leakage current at reverse biased conditions. The fabri-
cated junction revealed an excellent rectification ratio of
1011 at ±6V, ideality factor of n = 1.07, and saturated
current Io = 5.4E-22 A. At forward bias, the junction
demonstrated an adequately low specific on-resistance
of 3.7× 10−2 �.cm2, providing a high current density
exceeding 250 A/cm2 just at 10V. The outstanding junc-
tion characteristics are mainly assigned to the high con-
ductivity of the laser-induced phosphorus-doped layer

and high quality of the fabricated homojunction with
less induced defects. In addition, the inclusion of the
MAT layer resulted in a significant reduction of threading
dislocations and greatly suppressed dislocations or dislo-
cation bundles fromaffecting the p-n+ junction interface.
Further discussion on the crystalline quality and Raman
measurements of laser-irradiated areas are included in
the supplemental data.

The dopant incorporation and conductivity levels
could be controlled by manipulating laser irradiation
parameters. Figure 3(a) shows different n-type wells (P-
doped) processed at different conditions to yield different
doping levels. The p− drift layer with a uniform thick-
ness of 3μmwas homoepitaxially grown byMWCVDon
EDP (100) substrate after the insertion of theMAT buffer
layer with 2μm thickness. Heavily boron doped wells B1
and B2 were processed through laser irradiation with liq-
uid immersion in H3BO3 on the substrate surface acting
as ohmic contacts. Areas P1, P2, and P3 were processed
through H3PO4 acid-emersion excimer-laser irradiation
with conditions starting from high (500 shots-5.3 J/cm2

for P1) and decreased down to (100 shots-4.8 J/cm2 for
P3). Such alteration of irradiation conditions resulted in
differences in the obtained conductivity for each area as
shown in Figure 3(a). Areas irradiated at higher laser-
fluence, and larger number of shots (P1) exhibited higher
conductivity compared to other areas (P2 and P3) owing
to the induced heavier dopants incorporation. Accord-
ingly, the possibility of tunneling through the junction
increases and the junction leakage current increases with
heavy doping of the n side as shown in Figure 3(b).

Temperature dependence of current–voltage charac-
teristics demonstrated a slight increase in the leakage
current with temperature, while the rectification ratio is
kept intact over five orders of magnitude at a high tem-
perature of 525K as shown in Figure 3(c). Inset shows
that diode parameters such as the ideality factor n is
found to be dependent on the diode temperature. The
value of Richardson constant (A∗) deduced from tem-
perature dependence of saturation-current was much
lower than the theoretical value (90 A/cm2.K2). Such
deviations from ideality suggest insufficiency of the con-
ventional TE model to thoroughly demonstrate the pn
junction behavior [37–40]. Especially with dependence
of saturation current on the diffusion length and dif-
fusion constant of the injected minority carriers, rather
than thermionic emission of the semiconductor’s major-
ity carriers as in schottky diodes [41]. In addition, in lat-
eral type pn junctions, it is hard to determine saturation
current contribution owing to three-dimensional diffu-
sion of minority carriers in the bulk. Thus, for better esti-
mation of the bandgap, capacitance measurements were
conducted.
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Figure 2. Current-voltage properties of a vertical type p–n+ homo-junction measured at room temperature. Inset shows J-V and the
specific on-resistance properties under forward biased condition.

Figure 4(a) shows capacitance variation with fre-
quency at different applied voltages and different tem-
peratures. Inconsistent with ideal p-n junction behavior,
the measured capacitance decreased at high frequencies,
which refers to a space charge layer within the junc-
tion. This observation is attributed to the deep accep-
tors in the p-type side that are incapable of following
the high-frequency voltage modulation. Commonly, the
space charge region consists of both transition as well
as depletion layers. Both donor and acceptor atoms are
partially ionized at room temperature in the transition
region. When the temperature increases, the transition
layer length decreases, which is also associated with the
net density of dopants [14,42]. Due to the laser-induced
area’s high conductivity and heavy dopant concertation
compared to the p-type substrate, the depletion region
would expand mainly on the p-type side. Thus, the
frequency range increases with increasing temperature
because of the diamond resistivity and the dispersion
effect of deep-level acceptors. The capacitance increases
as well with temperature, depending on applied voltage
values since it further affects the depletion layer width.

For diamond homojunction, to estimate the built-in
potential, it is preferred to neglect the effect of deep
dopants and transition layer [43]. Thus, C–V measure-
ments are commonly conducted at adequately low fre-
quencies or high temperatures. However, such phenom-
ena is ignored for semiconductor devices, as the capac-
itance values are generally derived from a series-mode

measurement of LCR meter and measured independent
of any series resistance. Figure 4(b) shows C–V measure-
ments conducted at an intermediate frequencywithin the
frequency bandwidth spectrumat 400K. The capacitance
exhibited a gradual increase with increasing the bias volt-
age, which confirms the presence of a space-charge region
increasing in width with decreasing the bias voltage. The
estimated built-in potential was 3.9 V from the reciprocal
slope of the C−2–V under reverse bias conditions. C-V
properties exhibited a shoulder in the forward biasing
region, which could be attributed to presence of electri-
cally active deep levels excluding that of boron or phos-
phorus near the junction. It is mainly observed in leaky
junctions and showed a frequency dependency. Fitting of
the linear region of C−2–V for multiple junctions on the
same substrate reflected the gradient of doping concen-
tration to be approximately 2× 1015 ∼ 1.1× 1016 cm−3

calculated according to the following equation [44].

ND − NA = 2
qεrε0S2

1
d(C−2)
dV

(2)

This is in a great agreement with the doping con-
centration of the p-type substrate measured by SIMS
1× 1016 cm−3, showing that the depletion region mostly
expands to the p-type side owing to the heavy doping
of the n region that exhibited conductivity 2–3 orders
higher (Figure 3(a)) compared to the substrate. Further
investigation is conducted to understand the complete
behavior of laser-induced junction.
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Figure 3. (a) Electrical characteristics of P-doped irradiated areas, altering irradiation parameters modifies dopant-incorporation and
electrical-conductivity. (b) Dark I-V measurements for lateral p-n+ junctions showing leakage current increasing with heavy doping of
the n side. (c) I−V property of the B1-P3 p–n+ junction at different temperatures. Inset shows ideality factor variation with temperature.

The low dark current and high stability of the pn junc-
tion promoted its application inUVdetection.Up to date,
most diamond-based UV detectors are mainly based on
either planar metal–semiconductor-metal photoconduc-
tive detector or Schottky-barrier photodiodes [45–47].
Such photodiodes face many limitations/challenges of
high leakage current from defects in hetero-structures,
etching processes, and multi-lithography alignments
complexity [48,49]. Additionally, the complication of
ohmic contact fabrication that usually results in space-
charge build-up effects. Especially with diamond high-
density and incapability to compensate for its wide
bandgap [50]. Therefore, reducing the average minimum
ionizing particle signal generated greatly compared to
other materials such as silicon, and accordingly reduces

the device sensitivities [51,52]. Through the proposed
innovative-laser processing in dopant medium, both the
pn junction and ohmic contacts could be fabricated in
a single process with the fastest rate of ∼ 200 s per
area. Figure 5 shows the I–V characteristics of the junc-
tion as a UV detector under 254 nm-handy UV lamp
(500μW/cm2). Since UV photons are strongly absorbed
in a very thin layer [53,54], the previously demonstrated
B1-P3 diode is employed, to utilize from its coplanar
structure. A progressively smaller sub-bandgap signal
(for wavelengths > 225 nm) is present, due to defect-
related energy levels within the bandgap [55]. The exact
nature of these defects could be intrinsic as disloca-
tions/imperfections in the diamond lattice, and extrinsic
as impurities. Presence of such defects can also explain
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Figure 4. (a) Capacitance variation with frequency, at different voltages and temperatures. (b) C-V characteristics of the lateral junction
and deduced built-in potential from the reciprocal slope of C−2-V.

Figure 5. I-V characteristics of the p-n+ junction was measured
at room temperature in the dark (black) and under 254 nm light
illumination (blue).

the average increase in reverse currents [56]. In addition,
impurities such as deep dopants, results in absorption
of sub-bandgap signals, and significant increase in pho-
tocurrent upon illumination with three orders of magni-
tude higher than the dark current, implying a high photo
to dark current ratio. The generated photocurrent started
to saturate at a very low biasing voltage, indicating high
device response and fast collection of photogenerated
carriers, quickly reaching the space-charge-limited pho-
tocurrent. The responsivity of device is calculated using
the equation R = Iph/AP [57], where Iph is the net pho-
tocurrent, A is active photosensitive area(junction area of
400× 170μm), and P is light power density. The respon-
sivity of the detector under 254 nm illumination at 10
V is calculated to be 3.57 mA/W. It is noteworthy here
that the (500μW/cm2) is the manufacturer power rating
for the UV source, However, the actual measured power

during exposure was less than 300μW/cm2, owing to
the device lifetime. Accordingly, the actual responsivity is
approximately 6.1mA/W, which is over two times larger
than that of the common lens UV detector (2.32mA/W
at 220 nm) [58]. Furthermore, the fabricated junction
exhibited distinguished stability and reproducibility in its
response, demonstrating the absence of persistent photo-
conductivity pumping effects, which restrain the progress
of diamond-based detectors.

Conclusion

The innovative-proposed approach of laser-induced dop-
ing and formation of p-n+ junction is intensively dis-
cussed. The laser-irradiated areas on diamond surfaces
exhibited different conductivity levels varied by modify-
ing irradiation conditions. Electrical properties of irra-
diated areas showed high stability, high radiation hard-
ness, and resistance to acidic processing without induc-
ing any hysteresis in its electrical characteristics fol-
lowing annealing or exposure to radiation. These find-
ings promote the application in detection under harsh
environments. The fabricated p-n+ junction revealed
outstanding diode characteristics with undetectable-low
leakage-current, and optimum ideality factor that is fur-
ther enhanced with the inclusion of theMAT buffer layer.
Furthermore, the junction exhibits high performance as
a UV photodetector. Laser irradiation of diamond in
liquid-ambient enabled selective, fast-patterned doping
and feasible fabrication of devices those maintain dia-
mond’s high purity and durability.
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Additional information

Supporting Information is provided for a detailed dis-
cussion regarding modeling of ablation temperature, and
substrate optical and Raman characterization.
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