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The GaN-based p-n junction rectifications are important in the development of high-power electronics.
Here, we demonstrate that p-n junction rectifying characteristics can be realized with pure n-type structures
by inserting an (In,Ga)N quantum well into the GaN/(Al, Ga)N/GaN double heterostructures. Unlike
the usual barriers, the insertion of an (In,Ga)N quantum well, which has an opposite polarization field to
that of the (Al,Ga)N barrier, tailors significantly the energy bands of the system. The lifted energy level of
the GaN spacer and the formation of the (In, Ga)N/GaN interface barrier can improve the reverse threshold
voltage and reduce the forward threshold voltage simultaneously, forming the p-n junction rectifying

characteristics.

DOI: 10.1103/PhysRevApplied.8.024005

I. INTRODUCTION

The direct-gap III nitrides offer the most viable approach
for application in high-power electronics due to their proper-
ties of wide band gap, high breakdown field, high saturated
electron drift velocity, and availability of heterojunctions
[1-11]. For instance, high-electron-mobility transistors have
achieved great success in the field of radio-frequency power
technology [12-16]. However, a problem has persisted in
GaN-based p-n junction rectifying characteristics, which
was hindered by low p-type doping, poor hole mobility, and a
deep acceptor level of p-type GaN [17-20]. Although
enormous efforts have been made to improve p-type GaN
[21-24], the realization of p-n junction rectifying character-
istics remains difficult for GaN-based electronics.

Conventional p-n junctions are bipolar, consisting of
both p- and n-type carries. Here, we implement an alternative
strategy to achieve the p-n junction rectifications with
unipolar III nitrides, which are free of p-type GaN.
Although some early attempts have been made in unipolar
heterojunctions, such as lightly doped n-(Al, Ga)As/
n-GaAs [25] and n-(In,Ga)As/n-InP heterojunctions
[26], it was shown that the reverse threshold voltages are
very small, and the asymmetry of the threshold voltage is
hard to be enhanced in unipolar structures.

In this work, we determine a method to reach the p-n
junction rectifying characteristics by inserting an (In,Ga)N
quantum well into GaN/(Al, Ga)N/GaN double hetero-
structures (DHs). Quantum wells have never been utilized
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to modulate the current rectification, since unlike the
usual barriers, they could not block the transmitting
electrons under bias voltage in pure n-type semiconductor
structures. Here, we demonstrate that once the (In,Ga)N
quantum well is inserted into the GaN/(Al, Ga)N/GaN
DHs, the energy bands are significantly tailored. Because
of the giant piezoelectric polarization field in the (In,Ga)N
quantum well, which is opposite from that of the (Al,Ga)N
barrier, the (In,Ga)N quantum well inclines, lifting the
energy level of the GaN spacer and forming the
(In, Ga)N/GaN interface barrier. In this case, we find that
the forward threshold voltage can be lowered with a large
asymmetry of threshold voltage, enabling the realization
of p-n junction rectifying characteristics in pure n-type
GaN-based structures.

II. CURRENT-VOLTAGE CHARACTERISTICS
OF THE GaN/(Al,Ga)N/GaN DOUBLE
HETEROSTRUCTURES

First, GaN/(Al, Ga)N/GaN DHs are grown on sapphire
substrates by the metal-organic chemical-vapor-deposition
(MOCVD) technique. The sample structures consist of
3-um n-type GaN, 5-nm unintentionally doped (UID) GaN,
an Al,Ga;_.N barrier layer, and a 100-nm n-type GaN
(see the Appendix). The electron concentration in both
n-type GaN’s is 2 x 10'® cm™3, and the sample is covered
by Cr/Ti/Al electrodes with a mesa area of 5000 ym?. We
fabricate two groups of samples: one has different Al
content x of 15% and 25% in 10-nm Al,Ga;_,N, and the
other has different thicknesses of 10, 20, and 30 nm for the
Alg 15Gag gsN layers.

© 2017 American Physical Society
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Figure 1(a) shows the measured vertical current-voltage
characteristics, where the forward and reverse threshold
voltages are different. It is quite distinct from the usual
semiconductor DHs such as GaAs/(Al, Ga)As/GaAs [28],
whose forward and reverse threshold voltages are nearly the
same. This is because, due to the giant spontaneous and
piezoelectric polarization fields in the (Al,Ga)N barrier, the
energy bands of the (Al,Ga)N barrier become inclined; see
Fig. 1(b). The polarization fields in the (Al,Ga)N barrier are
effectively compensated by 42V forward bias, whereas for
—2V reverse bias, a finite residual barrier of the depletion
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FIG. 1. (a) Vertical I-V relationships of the GaN/
Al,Ga,_,N/GaN DHs with 10-, 20-, and 30-nm Al ;5GaggsN,
and 10-nm Alj,5Gag75N, which display weak rectification
effects. The positive bias is applied on the top electrode (see
the schematic structures of samples in Fig. 6 of the Appendix).
The inset shows the Ohmic nature of the contact between the
electrode (Cr/Ti/Al) and n-GaN (see the Appendix, Sec. B for
details). (b) Conduction-band diagrams of GaN/Al ;5GaygsN/
GaN DHs with a 20-nm Al ;5GaggsN barrier under different
biases [27]. E. stands for the bottom of the conduction band.

region remains. Thus, a weak rectification effect can be
achieved in the GaN/(Al,Ga)N/GaN DHs. However,
further improving the rectification ratio is found to be very
hard by adjusting the polarization fields of the (Al,Ga)N
barrier or inserting an additional (Al,Ga)N barrier into
the DHs.

ITII. CURRENT-VOLTAGE CHARACTERISTICS
OF THE (In,Ga)N MODULATED DOUBLE
HETEROSTRUCTURES

(In, Ga)N/GaN quantum wells have been extensively
studied and applied in optoelectronic devices such as

(@) GaN spacer /(In,Ga)N
GaN (Al, Ga)N GaN
80 100 120 140 160
0.8 — - T - : . . . r
Electron ~———10-nm GaN spacer

0.6 - depletion —— Without InGaN layer |

Electron
accumulation

—
<
<L
5 0 -
% InGaN/GaN
B 02 interface barrier -
9
E
& 0.0
2 L |
-0.2 i -
5 i
g | Prese ﬁ ]
S s -
-0.4 - i
1 L 1 L 1 " 1 1 1 L
80 100 120 140 160
Top Distance (nm)

—

O

~
(=1
o

T T T
5-nm GaN spacer

0.6 ——— 10-nm GaN spacer
o —— 15-nm GaN spacer 7

— Without InGaN layer

Conduction-band edge E¢ (eV)

80 100 120 140 160
Top Distance (nm)

FIG. 2. (a) Conduction-band diagrams of the GaN/
Alj 15Gag gsN/GaN spacer/Ing,Gay gN/GaN samples with and
without the (In,Ga)N layer [27]. The energy-band structures are
significantly tailored, exhibiting an (In,Ga)N back barrier and a
diffusion barrier between the triangular potential well and
(In,Ga)N quantum well. (b) Conduction-band diagrams of the
samples with different thicknesses of the GaN spacer.
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light-emitting diodes [29-31], lasers [32,33], and solar cells
[34,35]. Here, we insert an (In,Ga)N quantum-well layer
into GaN/(Al, Ga)N/GaN DHs. The 2.5-nm Ing,GaggN
quantum well is grown on the n-type GaN, followed by the
UID GaN spacer with different thicknesses (5, 10, 15 nm),
20-nm Al 5GaggsN barrier, and 100-nm n-type GaN
(see the Appendix). Note that the piezoelectric effect in
the (In,Ga)N quantum well produces a giant piezoelectric
polarization field (Ppg), which is opposite from
the spontaneous and piezoelectric polarization fields of
the (Al,Ga)N layer (Psp,pg) as pictured in Fig. 2(a). The
inclined (In,Ga)N quantum well can induce the
(In, Ga)N/GaN interface barrier, and the energy level of
the GaN spacer becomes bent, induced by spontaneous and
piezoelectric polarization in the (Al,Ga)N/GaN hetero-
structure [36]. This bend results in the accumulation of the
electrons in the triangular potential well. Importantly, such
modulated energy bands strengthen the restraint of the
electrons in the accumulation region with enhanced elec-
tron concentration, and they adjust the voltage distribution
of the system. Similar energy-band structures for different
thicknesses of the GaN spacer are shown in Fig. 2(b).
Figure 3 shows the measured /-V relationships of the (In,
Ga)N modulated DHs. Significantly, we observe remark-
able rectifying behaviors with small forward threshold
voltage and large rectification ratio. The threshold voltages
of forward and reverse bias are shown in Table I. In contrast
to the case without the (In,Ga)N layer, the sample with the
10-nm GaN spacer presents a smaller forward threshold
voltage (+0.9 V), as well as a much larger reverse thresh-
old voltage (—6.7 V). Specifically, a reverse threshold
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FIG. 3. Measured /-V relationships of the samples with 20-nm
Alj15Gag gsN and 2.5-nm In, ,Gag gN for different thicknesses of
the GaN spacer, which display notable rectification effects. Inset:
The relationship of the current rectification ratio (RR) and related
voltage for the sample without the (In,Ga)N inserting layer, with a
5-, 10-, and 15-nm GaN spacer. Here, the data for the 15-nm GaN
spacer should be timed 100 to be the real measurement.

TABLE I. The forward and reverse threshold voltages for the
(In,Ga)N  modulated samples  GaN/Al ;5GaygsN/GaN
spacer/Iny,GaygN/GaN with different thicknesses of the GaN
spacer.

Threshold ~ Without the 5-nm GaN 10-nm GaN 15-nm GaN
voltage (In,Ga)N layer  spacer spacer spacer
Forward 1.5V 0.6 V 09V 1.8V
Reverse -4V —4.6 V 6.7V -10.6 V

voltage of —10.6 V can be identified for the 15-nm GaN
spacer sample, with a high rectification ratio (the rectifi-
cation ratio is defined as the ratio of forward current to
reverse current at a specific applied voltage [37-39]) of
8.2 x 10* at the forward threshold voltage 1.8 V. As such,
the (In,Ga)N quantum well plays a significant role in the
current rectification in the DHs.

IV. THEORETICAL ANALYSIS OF THE
RECTIFYING CHARACTERISTICS

In the thermionic emission [40-42], the current is
determined by both the concentration of electrons and
the barrier height. First, for zero bias, the current is given by

1 Vv
I:ZnSvavexp<—%>, (1)

where n is the electron concentration, S is the mesa area,

Vay = A/ 8kT /wm™* is the average speed of electrons, and V,
is the barrier height at zero bias.

We take the sample with the 10-nm GaN spacer as an
example, with the energy-band structures under different
biases as shown in Fig. 4(a). As the voltage V, is applied on
the sample (the positive bias is applied on the top
electrode), the energy-band structure changes. For the
sample with the (In,Ga)N inserting layer, the voltage drops
on the electron depletion region (V) and (Al,Ga)N barrier
(V,), as well as on the (In,Ga)N-related region (V3); see
Fig. 4(a). In this case, the barriers encountered by the
forward and reverse transporting electrons become V, =
V, —V, for the (Al,Ga)N barrier and V_ =V, —|V,| for
the barrier of the electron depletion region. The total current
I =1, —1_ takes the form [42]

kT <
—gqn_A\/ 5 eXp| —
2mrm

where n, is the electron concentration of the electron
accumulation region, n_ is the electron density in n-GaN,
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FIG. 4. (a) Conduction-band diagrams of sample with the
10-nm GaN spacer and 2.5-nm Inj,GaygN layer under different
applied voltages V, = V| +V, + V3 [27]. V|, are the voltage
drops on the GaN depletion region and (Al,Ga)N barrier, and V5
the voltage drop on the (In,Ga)N-related region. V,, is the height
of the (Al,Ga)N barrier at zero bias. (b) Comparison of exper-
imental measurements and theoretical /-V curves. Inset: The best-
fitted parameters of A,, V;, and V3 for samples with different
GaN spacer thicknesses; V| and V3 are in units of V.

which is about 2 x 10'® cm™,

factors [43].

For convenience, we define V, = aV,, V, = (z —a)V,,
and V3 = (1 —z)V, where z and a characterize the dis-
tribution of applied voltage V,. By setting A, =

gn \/kT/2zm* and A_ = gn_+/kT/2zm*, the current

can be written as

and hy are ideality

qVy—ql(z - a)Va}
I =A_exp {—
* h kT
qVy +qaV,
—A_ - T e 3
exP( h_kT ) 3)

Here, V, (approximately 0.68 eV) is derived via the
electron-energy band structure. A, is proportional to the
electron density in the electron accumulation region, and
A_ ~9.46 x 1073 mA, which is determined by the electron
density in n-GaN. In Table II, we show the best-fitted
parameters of the /-V relationships.

For the GaN/Al,Ga,_,N/GaN DHs without the
(In,Ga)N inserting layer, due to the giant spontaneous
and piezoelectric polarization fields in the (Al,Ga)N barrier,
the energy bands of the (Al,Ga)N barrier become sharply
sloped. As a result, the voltage drops on the (Al,Ga)N
barrier and the electron depletion region are different. This
is verified in Table II, where z =1 and V,:V, = a:
(1 —a) = 38:62. In this case, while the (Al,Ga)N barrier
is compensated, a slightly larger reverse bias is required to
overcome the barrier of the electron depletion region [see
Fig. 1(b)], leading to weak rectification effects. Here, the
ideality factor A, (h_) is anomalously large (>2), which
may be contributed by the triangular barrier [43] induced
by the polarization fields in the (Al,Ga)N barrier.

We now discuss the situation with the (In,Ga)N
quantum-well layer inserted into the DHs. For the reverse
bias, the polarization field of the (In,Ga)N layer is
offset by the opposite applied field. This offset weakens
the (In, Ga)N/GaN interface barrier and suppresses the
slant of the GaN spacer, with a relatively high voltage drop
V3 = (1-12)V, on the (In,Ga)N-related region. The volt-
age drop on the electron depletion region |V,|= a|V,,]
reduces. From Eq. (3), to turn on the device, a higher
reverse threshold voltage (V,~—7 V) is needed; see
Fig. 4(a). In Fig. 4(b), we show that the theoretical curves
agree well with the experiment measurements. As the
thickness of the GaN spacer increases, the reverse voltage
drop V5 on the (In,Ga)N-related region enlarges, and the
reverse threshold voltage considerably improves.

Under forward bias, the piezoelectric and spontaneous
polarization fields in the (Al,Ga)N barrier are opposite from
the external field and, hence, balanced, which lowers the
height of the (Al,Ga)N barrier to V, =V, —V,. On the

TABLE II. Best-fitted parameters for the GaN/ Al ;5Ga gsN/
GaN spacer/Iny,GaygN/GaN samples with and without the
(In,Ga)N quantum well.

Fitting parameters A, (mA) a z h, (h_)
Without (In,Ga)N layer 0.21 038 1 7 (11.5)
5-nm GaN spacer 2.04 033 091 84 (12.2)
10-nm GaN spacer 1.81 026 0.82 8.4 (13)
15-nm GaN spacer 0.44 022 0.72 8.4 (14)

024005-4



p-n JUNCTION RECTIFYING CHARACTERISTICS OF ...

PHYS. REV. APPLIED 8, 024005 (2017)

other hand, the insertion of the (In,Ga)N quantum-well layer
induces the enhancement of the electron concentration in
the electron accumulation region with A, > A_. In this
case, the forward current of Eq. (3) is mainly determined by
A, . For example, for the sample with the 10-nm GaN
spacers, in contrast to the sample without the (In,Ga)N layer,
A, (approximately 1.81 mA) is significantly enhanced
[Fig. 4(b)] due to the modulated energy bands of the
triangular potential well [Fig. 2(a)]. This enhancement of
parameter A, can result in the lower forward threshold
voltage (+0.9 V). In Table II, the increasing thickness of the
GaN spacer leads to the reduction of the parameter A, in
accordance with the modulated energy bands [Fig. 2(b)].
This reduction of parameter A, results in the slight increase
of the forward threshold voltage.

In this model, we show that the typical fitted A+ is at the
scale of milliamperes, as shown in Table II. From these data,
we can derive the electron-gas density n,_ is about 10*° cm=3,
which is comparable with the normal two-dimensional
electron gas in the triangular potential well of the
(Al, Ga)N/GaN interface [3]. We see that the fitting of A,
agrees well with the normal two-dimensional electron gas.

V. DISCUSSION AND CONCLUSION

Such rectification effects can be further tested by
inserting two (In,Ga)N quantum wells into the double
heterostructures or thickening the (In,Ga)N quantum-well
width. In both cases, the reverse threshold voltages are
significantly raised owing to larger voltage drops on the
(In,Ga)N-related region (Fig. 5). Simultaneously, the
forward turn-on voltages are elevated moderately, since
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FIG.5. Measured I-V relationships of the samples with a single

thickened (In,Ga)N layer and two (In,Ga)N inserting layers that
are separated by a 5-nm GaN spacer. The solid lines are the
theoretical curves. Compared to the sample with a single thin (In,
Ga)N layer, the reverse threshold voltages are significantly raised,
and the forward turn-on voltages are elevated moderately.

the enhanced (In, Ga)N/GaN interface barrier weakens the
electron tunneling through them. In addition, here we note
that the dislocation density of the samples is at the scale of
10® cm= via counting the etching pits density from the
atomic-force-microscope image. The etching of the sample
is carried out in the mixture of H,SO, and H;PO, at 170°C
for 10 min. The leakage current induced by the dislocations
is on the scale of 1073~10=2 mA under about —10V [44],
which is much smaller than the current (0.5 mA) under
forward or reverse threshold voltage. Therefore, the thread-
ing dislocations make no difference to the measurements
of the current-voltage characteristics. Furthermore, the
samples are measured as diode chips using a Keithley
4200-SCS to obtain current-voltage relationships, and the
scanning speed is 30 ms per point, i.e., about 300 Hz.

In summary, we achieve excellent p-n junction rectifi-
cations with pure n-type (Al,In)GaN structures. Such p-n
junction characteristics pave the way for GaN-based
electronic devices, which avoid the problems of p-type
GaN. This method can be extended to other important
semiconductor materials with giant polarization such as the
7Zn0O material family, offering a scheme for the applications
of microelectronics.
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APPENDIX: EXPERIMENTAL AND
IMPLEMENTATION DETAILS

1. Material epitaxy

The GaN-based samples are grown in the MOCVD
system with a planetary reactor chamber. The precursors
are trimethylaluminum, silicohydride, trimethylgallium,
triethylgallium, trimethylindium, and ammonia. GaN/
(Al,Ga)N/GaN DHs are prepared on c-plane sapphire
substrates annealed at 1050 °C in H,, and 25-nm-thick GaN
is grown as a nucleation layer at 550°C. Then, the
temperature is ramped to 1050°C for annealing and
deposition of 3-um n-type GaN:Si (2 x 10'® cm™3) and
5-nm UID GaN, which are followed by (Al,Ga)N barrier
layers and a 100-nm Si-doped GaN layer (2 x 10'8 cm™).
For the samples with (In,Ga)N quantum wells, the (In,Ga)N
inserting layers are deposited at 750°C in the full N,
atmosphere, followed by the UID GaN spacer at the same
temperature. The desired indium fraction and thickness are
obtained by controlling the growth temperature and time of
the (In,Ga)N layer. The compositions of the (In,Ga)N layer
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and (Al,Ga)N layer are characterized by high-resolution
x-ray diffraction.

2. Device fabrication and characterization

We wuse an inductively-coupled-plasma-reactive-ion-
etching system to achieve mesa isolation and expose the
n-GaN buffer. The mesa area is 5000 xm?. The electrodes of
Cr/Ti/Al (20/20/300 nm) are deposited in sequence by
electron-beam evaporation. The samples are measured as
diode chips using a Keithley 4200-SCS to obtain current-
voltage relationships. The schematic structures of the
GaN/Al,Ga;_,N/GaN DHs and GaN/Al, ;5Gaj gsN/GaN
spacer/In, ,Gay gN/GaN samples are shown in Fig. 6.

For the contact characteristics between the electrodes
and n-GaN, the current-voltage measurement is performed
on the two bottom electrodes. The linear correlation shows
the Ohmic nature of the contact between electrode
(Cr/Ti/Al) and the bottom n-GaN, as shown in the inset
of Fig. 1(a). However, this method cannot be applied
directly to the top contact between the electrodes and
the top n-GaN, since the current paths contain not only the
surface n-GaN but also the inserting layers. To demonstrate
that the contact between the Cr/Ti/Al electrode and top
n-GaN is Ohmic, we increase the thickness of the top
n-GaN from 100 to 500 nm. As the top n-GaN is thick
enough (500 nm), the inserting structure cannot deplete the
electrons of the top n-GaN, and the contact is Ohmic.
We find that the /-V characteristic of the top contacts with
100- or 500-nm GaN does not significantly change. This
indicates the Ohmic nature of the top contact between the
Cr/Ti/Al electrode and 100-nm n-GaN.

3. Simulations of the energy-band diagrams

The energy-band diagrams of the GaN/(Al, Ga)N/GaN
DHs and samples with the (In,Ga)N layer in the text are
obtained through simulation using the ATLAS simulation
tool from Silvaco.

C-plane sapphire

(b)

ﬁ Electrode
100-nm n-GaN
/
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(a),(b) Schematic structures of the GaN/Al,Ga,_,N/GaN DHs and GaN/Al, 5GaygsN/GaN spacer/Ing,GaygN/GaN
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