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Nowadays, the superior detection performance of semiconductor neutron detectors is a challenging task. In this paper,
we deal with a novel GaN micro-structured neutron detector (GaN-MSND) and compare three different methods such
as the method of modulating the trench depth, the method of introducing dielectric layer and p-type inversion region to
improve the width of depletion region (W). It is observed that the intensity of electric field can be modulated by scaling
the trench depth. On the other hand, the electron blocking region is formed in the detector enveloped with a dielectric
layer. Furthermore, the introducing of p-type inversion region produces new p/n junction, which not only promotes the
further expansion of the depletion region but also reduces the intensity of electric field produced by main junction. It can
be realized that all these methods can considerably enhance the working voltage as well as W. Of them, the improvement
on W of GaN-MSND with the p-type inversion region is the most significant and the value of W could reach 12.8 um when
the carrier concentration of p-type inversion region is 107 cm™3. Consequently, the value of W is observed to improve
200% for the designed GaN-MSND as compared with that without additional design. This work ensures to the researchers
and scientific community the fabrication of GaN-MSND having superior detection limit in the field of intense radiation.

Keywords: GaN, micro-structured neutron detector, depletion region, electric field

PACS: 73.40.Kp, 73.61.Ey, 29.40.-n, 29.85.—

1. Introduction

Due to the shortage and rising cost of 3He gas, the ap-
plication of *He proportional counters for detecting neutrons
is restricted.!!! Si-based semiconductor neutron detectors have
been utilized extensively as an alternative method for detecting
neutrons during the past decade.>! Nevertheless, they suffer
radiation damage due to the small bandgap and displacement
energy of Si.l% With the development of wide bandgap semi-
conductors, GaN is considered to be the potential candidate
for neutron detection under strong irradiation and high tem-
perature conditions!”#! due to its wide band gap (3.39 eV),
high critical breakdown electric field (3 x 10® V/cm), large
displacement energy (22 eV), high density (6.2 g/lcm>) and
good thermal stability (melting point: 2500 °C).°-'!l How-
ever, the detection performance such as detection efficiency
and energy resolution of the neutron detector based on GaN is

12-14] which is due

still not comparable to those based on Si,t
mainly to two reasons. (i) The planar structure is commonly
employed in GaN neutron detectors, which cannot avoid the

low detection efficiency restricted by the conflict between the
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long neutron mean free path and the short-charged particle
range in neutron conversion layer.!"! (ii) The unintentionally
doped GaN is usually of n-type with the background carrier
Additionally residual shal-

low donors generated during material growth in the metal—

concentration of ~ 10 cm3.

organic chemical vapor deposition (MOCVD) or the hydride
vapor phase epitaxy (HVPE),!>16] bring difficulties for the
enlargement in the width of depletion region (always only few

17181 Thus, it is urgently needed to find a solu-

micrometers).|
tion for GaN-based neutron detectors that could overcome the
shortcomings of the planar architecture and achieve a larger
depletion region at the same background carrier concentration.

A novel GaN micro-structured neutron detector (GaN-
MSND) is proposed in this paper. The advantages of GaN-
MSND over the planar structure are analyzed and the sig-
nificance of the wide depletion region for the detection per-
formance is discussed in detail. Moreover, Sentaurus-TCAD
software is utilized to investigate three methods such as the
method of modulating trench depth, the method of introduc-

ing dielectric layer and p-type inversion region to improve the
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width of depletion region of GaN-MSND. The mechanism and
comparison of these methods are analyzed. It is expected that
the GaN-MSND could enhance the detection efficiency of the
planar neutron detector and achieve the superb detection per-
formance with the improvement of the depletion region width.
Consequently, such a novel strategy will be used in future to
make the neutron detectors capable to cope with the extreme
conditions.

2. Structures of GaN-MSND and simulation
model

Figure 1 shows the schematic cross-section of the pro-
posed GaN-MSND. The neutron converter of GaN-MSND is
filled in the etched trenches and most of the reaction products
generated at various depths of the neutron converter can en-
ter into the adjacent detector. The neutron converter of planar
neutron detector is commonly coated on the surface of GaN.
The thick neutron converter can raise the chance of capturing
neutron, but the entrance probability of the reaction products
produced by the interaction between the neutron and the con-
version material into the detector is reduced. This contradic-
tion greatly limits the detection efficiency of planar neutron
detector.['! In contrast, the GaN-MSND has a larger amount
of neutron converter filling and a wider contact area of neutron
converter with the detector. Thus, the detection efficiency of
GaN-MSND can be improved significantly. ']

When the detector is operated at a reverse bias, the de-
pletion region (near the p-GaN/i-GaN junction) is expanded
obviously due to the large difference in concentration between
p-GaN and i-GaN as marked in Fig. 1. The width of deple-
tion region (W) has a significant importance for the detec-
tor because its value determines the detection performance of
GaN-MSND such as charge collection efficiency and energy
resolution.[?*-231 A large width of depletion region can de-
posit more particle energy and improve the charge collection
efficiency. Besides, the incomplete charge collection noise is
reduced, which will result in the improvement of the energy
resolution as can be seen from Eqs. (1) and (3).1?!! Therefore,
the method of creating a relatively large W is essential for ob-
taining GaN-MSND with superb detection performance. Op-
erating the detector at a higher reverse bias is considered to be

.41 However, an exces-

an easy way of increasing the W valu
sive high voltage will also lead to a high leakage current which
can affect the system electronic noise and further degrade the
detection performance such as energy resolution according to
Egs. (1) and (2).[>!1 The methods discussed in the next section
focus on enhancing the operation voltage tolerance, by which

a large depletion region can be achieved.

FWHM = 235/ (AE ) + (AB:)’ + (AEs)%, (1)

2.35¢\ 2
(AEl)z(AEo)2+< 5 e) e’tly
q

(2.35¢)* , [T\ ,
—+ 78 Is ; (Cd + ZCdC(]) 5 (2)
1/2

AE,=a(1-7)E"?, 3)

where FWHM is the energy resolution; AE|, AE,, and AE3
are the system electronic noise, incomplete charge collection
noise, and carrier fluctuation noise, respectively; AEy is the
electronic noise of preamplifier; e is 2.71828...; g is the elec-
tron charge; € is the average ionizing energy; 7 is the shap-
ing time; Iy is the leakage current of the detector; rg is the
input impedance; Cy is the capacitance of the detector; C is
the capacitance of the gate—source field-effect transistor in the
preamplifier; a is 0.5 for GaN; 7y is the charge collection effi-
ciency; E; is the energy of the particle.
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Fig. 1. Schematic drawing of GaN-MSND.

The simulations are performed by using the Sentaurus-
TCAD. The doping-dependence and high-field-saturation
models are employed for mobility. The Shockley—Read—Hall
model is utilized to calculate the effect of charging and dis-
charging of trap. To investigate the avalanche breakdown ef-
fect in the detector, the Selberherr’s impact ionization model
is used to simulate the reverse characteristics.

Figure 2(a) shows the simulation results of the electric
field distribution in a specific GaN-MSND. The structural pa-
rameters used in simulation are listed in Table 1. The anode
and cathode of the device are formed as Ohmic contacts on
p-GaN and n-GaN. The maximum working voltage (V;) is de-
fined at the current density / = 1 x 10~% mA/mm, where the
leakage level is considered to be an acceptable level as shown
in many researches.!'32 Figure 2(b) shows the electric field
profile extracted along the x-cut marked in Fig. 2(a). The elec-
tric field reaches a maximum value at the p-GaN/i-GaN junc-
tion and decreases linearly to O V/cm in the i-GaN. Parameter
W is defined as the distance between the p-GaN/i-GaN inter-
face and the 0 V/cm position. Thus, the specific GaN-MSND
without additional design has a W value of 3.9 um at V; of
150 V.

027201-2



Chin. Phys. B

Vol. 29, No. 2 (2020) 027201

Table 1. Structural parameters of GaN-MSND adopted in the work.

Parameters  Descriptions Values
Wi Width of trench 15 um
Wy Distance between the adjacent trench 5 pm
Wh Length of GaN-MSND 85 um
d Depth of trench 1.5 pm
Ty Thickness of n-GaN 2 um
T; Thickness of i-GaN 20 um
1p Thickness of p-GaN 500 nm
Ny Density of electron in the n-GaN 5x10"% ecm™3
N Density of electron in the i-GaN 1x10% cm™3
N, Density of hole in the p-GaN 1x10'7 cm™3
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Fig. 2. (a) Electric field distribution in GaN-MSND at V; = 150 V, and
(b) electric field profile of GaN-MSND extracted along vertical direc-
tion (x-cut).

3. Results and discussion

3.1. Influence of modulating trench depth on W of GaN-
MSND

The trenches filled with neutron convert material °LiF
which plays a role of transferring the neutrons into the charged
particles are crucial for the GaN-MSND. It should be noted
that the modulation of the trench depth d (as shown in Fig. 1)
is an effective way to improve V; and W of the device. The
plots of simulated reverse /-V characteristics and the corre-
sponding results of the V., and W versus d in a range from
0.5 um to 7.5 pm in GaN-MSND are illustrated in Fig. 3. The
increase of d can lead both W and V; (defined at the current
reaches 10° mA/mm) to be improved, but the additional etch-
ing depth to have no obvious effect when d reaches 5.5 pm.
Considering the feasibility of the device fabrication, d is set to
be 5.5 um, by which V; and W can reach 226 V and 4.7 pum,
respectively.

To explain the changing trend of V;, the distribution of
electric field of the device is analyzed. Figure 4 demonstrates
the electric field profile extracted by taking a y-cut along the
bottom of their trenches with the applied reverse voltage of

60 V. The peaks of the electric field occur at the trench corners,
which are caused by the large curvature of electric field line. In
addition, these values become lower as the distance between
trench corner and the p-GaN/i-GaN junction increases, which

[26] However, when d

contributes to the improvement of V;.
reaches 5.5 pum, the trench corners are located in the non-
depletion region without high electric field, which has no ef-
fect on the electric field distribution near the junction. There-

fore, neither V. nor W will continue to change with d.
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Fig. 3. (a) Reverse characteristics of GaN-MSND versus voltage for various
d values, and (b) Wand V; extracted from the simulation results versus d.
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Fig. 4. Profiles of electric field versus x for GaN-MSND for d values of
0.5 pm, 1.5 um, and 2.5 um at the depth of respective trench bottom when
the reverse voltage is 60 V.
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3.2. Influence of dielectric layer on W of GaN-MSND

Based on the optimized results, a possible method to fur-
ther improve V; and W is to introduce a dielectric layer on
the trench surface as shown in Fig. 5. Single-layered SiO;
or Al,O3 with a thickness of 0.5 um is adopted and their ef-
fects on V; and W of GaN-MSND are compared in the simu-
lation. The density of fixed charges QO at the dielectric/GaN
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interface is calibrated by the reported value in the literature:
for the interface of SiO,/GaN, the positive QO is set to be
3 x 10" em™2;127281 for Al,03/GaN, the unusual negative Q¢
at the interface due to the O-rich region near the interface
caused by Al vacancy and O interstitial has been reported.[>’]

And its value of 2 x 10'? cm~?2 is employed in this work.30-311
anode
{ | I |
|
!
_GaN /
p-Ga Si0, or ALO,
i-GaN
n-GaN
$

cathode

Fig. 5. Schematic diagram of GaN-MSND with trench surface covered by
dielectric layer.

Figure 6 shows the reverse /-V characteristics of GaN-
MSND with SiO; or Al,O3 layer, and the corresponding V; is
extracted to be 167 V and 270 V, respectively. Compared with
the optimized results above, the V; of GaN-MSND with SiO,
decreases while that with Al,O3 increases. The negative Qs
at the Al,O03/GaN interface leads the conduction band to bend
up, where the electrons are blocked. The electrons blocking
region can drive the electrons far from the Al,O3/GaN inter-
face as well as reduce the leakage current along the trench
sidewalls of GaN-MSND as shown in Fig. 7(a).
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Fig. 6. Reverse characteristics of GaN-MSND with SiO, with a positive
fixed charge density of 3 x 10'" cm~2 on GaN/SiO, interface and with
Al,O3 with a negative fixed charge density of 2 x 10'2 cm~2 on GaN/Al, O3
interface.

Conversely, the electron accumulation region is formed
near the trench surface due to the positive Qr at the SiO,/GaN
interface, which is the main factor of increasing the surface
leakage along the sidewalls and reducing the V; as shown in
Fig. 7(b). Therefore, we can conclude that the introduction
of 0.5 um-Al,O3 as the dielectric layer of GaN-MSND can
increase V; to 270 V and the width of depletion region W to
6.2 um as shown in Fig. 8.
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Fig. 7. Current density distribution for GaN-MSND with (a) Al,O3 and (b)
SiO;.
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Fig. 8. Electric field distribution for GaN-MSND with Al,O3 at V; of 270 V.

3.3. Influence of p-type inversion region on W of GaN-
MSND

The introducing of p-type inversion layer is another way
to increase V; and W as shown in Fig. 9. The thickness of p-
type inversion region is set to be 0.5 um. The reverse char-
acteristics of GaN-MSND with a p-GaN carrier concentra-
tion N, of 1 x 10 em=3, 3 x 10'® cm=3, 5 x 106 cm~3,
7 x 10 cm™3, 9 x 106 crn_3, and 1 x 107 cm—3 are illus-
trated in Fig. 10(a). The V; values are obtained as follows:
306V, 436 V, 595V, 782 V, 1000 V, and 1112 V, which indi-
cates a significant enhancement in V; compared with the for-
mer results. Besides, with the increase of N, the improve-
ment of W is significant as well, as demonstrated in Fig. 10(b).
When N, is increased to 1 x 10'7 cm—3, W is enhanced up to
12.8 wm, which is more than twice the W of GaN-MSND with
Al O3 layer.

anode

| ! I 1

p-GaN /

p-type inversion region

i-GaN

n-GaN

: cathode

Fig. 9. Schematic drawing of GaN-MSND with p-type inversion region.
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and 1 x 10'7 cm=3 and (b) relationship between V; and N, and W and N,
for GaN-MSND with p-type inversion region.
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Fig. 11. (a) Potential distribution for GaN-MSND with N, of 1 x 107 em—3
at reverse voltage of 1000 V, and (b) electric field profile for GaN-MSND
with d of 0.5 um and N, of 3 x 10 cm~3 at x = 32.5 pum when reverse
voltage is 200 V. The inset shows the main junction electric field varying
with N}, at reverse voltage of 200 V for GaN-MSND.

Figure 11(a) shows the potential distribution of GaN-
MSND with p-type inversion region. The p-type inversion re-
gion and the i-GaN form new p/n junctions and due to the con-
tinuity of potential, the potential is re-arranged and extended
to the initially un-depleted region in i-GaN,*?! thus improv-
ing the width of depletion region. Besides, a lower electric
field peak exists at the main junction with the assistance of the

extension of depletion region as demonstrated in Fig. 11(b),
which suggests an enhancement in V; as well as W. The inset
of Fig. 11(b) shows the relationship between N, and electric
field at the main junction. It should be noted that the electric
field peak decreases as N, increases, and hence, V; increases
accordingly.

The GaN-MSND with p-type inversion region can sig-
nificantly improve V; and W, but the vertical p-type inversion
region on the sidewall of GaN-MSND is not easy to realize in
the device process. Considering the achievability of the pro-
cess, the sidewalls are further etched into trapezoids so that the
p-type region could easily be formed by ion implantation. The
GaN-MSND, of which N, is 1 x 107 ¢cm™3, with the trape-
zoidal sidewalls is simulated and its V; and W are improved
to 1342 V and 13.6 um as shown in Fig. 12, which may be
attributed to the larger contact area between p-type inversion
region and i-GaN.
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Fig. 12. Reverse characteristic of GaN-MSND with trapezoidal p-type in-
version region of which N, is 1 X 10'7 ¢cm~3, with the inset showing its
potential distribution at reverse voltage of 1342 V.

3.4. Comparison among three methods to improve W

The transport distance of the charged particles in GaN
depends on their energy. Upon absorbing a neutron, the
OLiF fissions into two reaction products, i.e. an alpha parti-
cle (2.06 MeV) and a *H particle (2.73 MeV).['?] Since the
energy loss per unit distance of alpha particle in GaN is larger
than that of 3H, only the alpha particles incident into the de-
tector is considered, while H is supposed to go throughout
the device. The electron-hole pairs are generated as the al-
pha particles pass through the depletion region and drift to-
wards respective electrodes by the electric field. The alpha
particles with 2.06 MeV have a transport distance of approx-
imately 5 pm in GaN. Therefore, for a givend of 5.5 um, W
should be at least 10.5 um so that the detector can collect the
alpha particles generated at the bottom of the trenches. As
mentioned above, the GaN-MSND without additional design
has a maximum W value of 4.7 um by modulating the trench
depth, while adding Al,O3 layer could increase W value to
6.2 um. In contrast, the GaN-MSND with p-type inversion re-
gion has a largest W value of 12.8 um and thus, it could be the
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most appropriate method to fabricate the detector with high
detection performance.

4. Conclusions

In this work, three methods of improving W value of
GaN-MSND is proposed and analyzed. For GaN-MSND with
d value of 5.5 um, W value increases to 4.7 um at a V; value
of 226 V. The W value is further improved to 6.2 pm for
GaN-MSND with the Al,O3 layer at Vi of 270 V. Moreover,
GaN-MSND with the p-GaN inversion region can have a W
value of 12.8 pm when N, is 1 x 10'7 cm™ at V; of 1112 V.
This study not only provides a series of pathways to obtain-
ing GaN-MSND with better detection performance through
the enhancement of the depletion region but also points out
the GaN-MSND applications in the field of neutron detection
in intense radiation environment.
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