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AlN/GaN resonant tunneling diodes (RTDs) were grown separately on freestanding GaN (FS-GaN) substrates and
sapphire substrates by plasma-assisted molecular-beam epitaxy (PA-MBE). Room temperature negative differential resis-
tance (NDR) was obtained under forward bias for the RTDs grown on FS-GaN substrates, with the peak current densities
(Jp) of 175–700 kA/cm2 and peak-to-valley current ratios (PVCRs) of 1.01–1.21. Two resonant peaks were also observed
for some RTDs at room temperature. The effects of two types of substrates on epitaxy quality and device performance of
GaN-based RTDs were firstly investigated systematically, showing that lower dislocation densities, flatter surface morphol-
ogy, and steeper heterogeneous interfaces were the key factors to achieving NDR for RTDs.

Keywords: resonant tunneling diodes, negative differential resistance, molecular beam epitaxy, III-nitrides
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1. Introduction
Terahertz (THz) radiation technology has potential appli-

cations in many fields such as ultra-broadband wireless com-
munication and security imaging.[1–3] Miniature and solid-
state THz sources operated at room temperature are the key
factor. Due to high fundamental oscillation frequency and
high power, resonant tunneling diodes (RTDs) have been con-
sidered as one of the most promising candidates for room-
temperature operating THz oscillators. Kanaya et al. re-
alized an oscillator with frequency of 1.42 THz and output
power ∼ 1 µW using AlAs/InGaAs/AlAs double-barrier RTDs
grown on InP substrates.[4] However, the low output power of
less than 1 mW limits the practical applications of InP-based
RTD terahertz sources. III-nitride semiconductor materials are
suitable for high frequency and power devices because of their
excellent properties such as wide bandgap energy, high break-
down fields, high peak electron velocity, high saturated elec-
tron velocity, and strong thermal stability.[5,6] Therefore, GaN-
based RTDs have attracted more attention in the research field
of terahertz sources.[7–17] Many research groups have achieved
stable reproducible negative differential resistance (NDR) uti-
lizing RTDs at room temperature.[18–21] Encomendero et al.
reported GaN-based RTDs grown on freestanding GaN (FS-

GaN) substrates by plasma-assisted molecular beam epitaxy
(PA-MBE) with the peak current density (Jp) of 220 kA/cm2,
the fundamental frequency of ∼ 0.94 GHz, and output power
of ∼ 3.0 µW.[22] Later, the Jp has been significantly improved
and recently reached 1 MA/cm2.[23] In 2019, highly repeat-
able room temperature NDR was firstly achieved in AlN/GaN
RTDs grown on sapphire (Al2O3) substrates by PA-MBE,
and the Jp was 164 kA/cm2.[24] Moreover, researchers also
studied the repeatable asymmetric resonant tunneling in Al-
GaN/GaN double barrier structures grown on sapphire.[25]

Based on this series of research results, researchers also pro-
posed the AlN/GaN digital alloy double barrier structure to
achieve room temperature NDR.[26] Progress of RTD-related
fields have been greatly promoted. Then, Growden et al. also
observed repeatable room temperature NDR for GaN-based
RTDs grown on sapphire substrates and obtained the peak
current density of 930 kA/cm2.[27] Recently, Cho et al. re-
ported the experiment of N-polar RTDs grown on a single-
crystal N-polar GaN bulk substrate to achieve room tempera-
ture NDR.[28] In addition, in the past few months, Zhang et al.
reported a highly repeatable room temperature NDR in a large
area AlN/GaN double barrier RTDs.[29] Nevertheless, current
results on RTDs mainly focus on the epitaxial wafers grown
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on FS-GaN substrates. The main reason is that GaN layers are
mismatched with a sapphire substrate. A larger lattice mis-
match and a thermal mismatch will bring higher defect densi-
ties to the device. More defects will greatly affect the transport
of electrons in the vertical direction, resulting in poor device
performance, and even the NDR cannot be achieved at room
temperature in most cases.[30] However, there are few system-
atic studies on the effect of two types of substrates on the struc-
ture and performance of RTDs and mechanism analysis.

In this work, GaN-based RTDs were grown on FS-GaN
substrates and sapphire substrates separately. We obtain the
NDR only grown on FS-GaN substrates with a maximum peak
current density of 700 kA/cm2 and peak-to-valley current ratio
(PVCR) of 1.01 for forward bias. The micromorphology and
crystal quality of these epitaxial wafers grown on two types of
substrates are studied systematically by a variety of character-
izations. It found that the main differences for two types of
epitaxial wafers are surface morphology and quality of hetero-
geneous interfaces.

2. Experiment

A schematic of the layers thicknesses and doping of the
optimized RTDs structures studied in this paper is given in
Fig. 1(a). Two 130-nm-thick heavily doped n-type GaN con-
tacts were employed to inject electrons across the double-
barrier structure that consists of 4-nm-thick unintentionally
doped (UID) GaN spacers next to each contact, two symmetric
1.5-nm AlN tunneling barriers, and a 2-nm GaN quantum well.
The AlN/GaN double barrier structure was grown on FS-GaN
substrates and a 4-µm-thick GaN template on sapphire sub-
strates separately by PA-MBE. Silicon (Si) was used as n-type
doping sources. The substrates were firstly solvent cleaned
and loaded into the load lock chamber. Before growing, two-
step out-gassing bakes need to be performed for thermal clean-
ing of the substrate’s surface at 250 ◦C for 2 h and followed

by 760 ◦C for 0.5 h. Epitaxial layers of AlN/GaN RTDs were
grown sequentially according to the simulated epitaxial struc-
ture. The growth temperature of the active region was main-
tained at 810 ◦C. The nitrogen flow rate and the rf-plasma
power were 1.5 sccm and 350 W, respectively. The growth
temperature was monitored by using BandiT, and the surface
conditions were monitored in situ using reflection high energy
electron diffraction (RHEED). The growth rates of AlN and
GaN layers estimated from their thicknesses were 135 nm/h
and 145 nm/h, respectively. RTDs grown on the sapphire sub-
strates and FS-GaN substrates were marked as samples A and
B, respectively.

The RTDs were fabricated using conventional semicon-
ductor device processing methods. The devices went through a
standard cleaning process using H2SO4 and H2O2 with a ratio
of 7:3 for moving metal droplets from the surface. After that,
the surface was covered with a photoresist of AZ6130. Im-
mediately following the resist treatment, optical lithography
was used to forming etching patterns. The mesa was defined
using ICP that has a high power to ensure vertical sidewalls
through the active region. The second photomask was used
to define the top contact. Electron beam (e-beam) evaporation
was used to deposit a Ti/Al/Ni/Au top contact. Afterward, de-
vice isolation pads were defined with the third photomask. A
passivation layer of SiO2 was deposited by plasma-enhanced
chemical vapor deposition to ensure the insulation between
pads. The optical microphotograph and scanning electron mi-
croscopy (SEM) of RTDs were shown in Figs. 1(b) and 1(c),
respectively.

Electrical characterization of the RTDs was carried out
with a Keysight 4200 semiconductor parameter analyzer.
Atomic force microscopy (AFM), cathode-luminescence
(CL), high-resolution x-ray diffraction (HRXRD), and scan-
ning transmission electron microscopy (STEM) were used to
characterize the micromorphology and crystal quality of RTD
epitaxial wafers.

GaN buffer

substrate

GaN (2 nm)

n GaN 130 nm

n GaN 130 nm

(Si doping: 2T1019)

UID GaN spacer (4 nm) 

AlN  (1.5 nm)

(Si doping: 2T1019)

UID GaN spacer (4 nm) 

AlN  (1.5 nm)

(a) (b) (c)n GaN 130 nm

Fig. 1. (a) The epitaxial structure schematic of GaN-based RTDs grown on two types of substrates, (b) optical microphotograph, and (c) SEM
picture of RTDs.
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3. Results and discussion
3.1. The I–V measurement results of RTDs grown on dif-

ferent substrates

Figures 2(a) and 2(b) displaces the I–V characteristic
curves of RTDs grown on different substrates. RTDs grown
on FS-GaN substrates exhibit clear NDR at room temperature
for forward bias as described in Fig. 2(b) with the Jp of 175–
700 kA/cm2 and the PVCR of 1.01–1.21, while NDR is not ob-
served in the RTDs grown on sapphire substrates as shown in
Fig. 2(a). The RTDs mesa diameter is 4 µm in Fig. 2(b). More-
over, two resonant peaks are observed in some RTDs grown on
FS-GaN substrates at room temperature as displaced in the in-
set of Fig. 2(b). Regrettably, the room-temperature NDR char-
acteristic could be observed in the first scan of these samples,
but it disappears in the subsequent scans as shown in the blue
curve in Fig. 2(b). Figure 2(c) shows the room-temperature I–

V curves of RTDs with mesa diameters of 1/2/4/8 µm. As can
be seen from Fig. 2(c), NDR occurs for RTDs of different sizes
under forward bias, although only once. This phenomenon is
consistent with the RTDs observed earlier and may be due to
the current instability caused by the trap effect.[30] In addi-
tion, the simulation results of the device are compared with
the experimental results. Here, 1, 2, and 3 marked in the fig-
ure indicate the resonant tunneling locations. Figures 2(b) and
2(c) are the experimental measurements, Fig. 2(d) is the sim-
ulation result of the device structure. The voltage ranges at
position 1 are 4.27–4.5 V, the voltage ranges at position 2 are
4.86–5.43 V, and the voltage ranges at position 3 are 5.7 V
in Figs. 2(b) and 2(c). By comparing (b), (c), and (d), it can
be seen that although the experimental value and the design
value are not perfectly consistent, they are basically within the
corresponding ranges.
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Fig. 2. The I–V characteristic of RTDs grown on (a) sapphire substrates and (b) FS-GaN substrates. The inset shows two resonant peaks in
some devices. (c) The I–V relationships for different device sizes. (d) Simulation results of the device.

We speculate that the main cause of problems including
no NDR in the RTDs grown on sapphire substrates and un-
reproducible NDR in the RTDs grown on FS-GaN substrates
is attributed to microstructure and crystal quality. Therefore,
we studied it systematically by analyzing and comparing the
microscopic differences between the epitaxial wafers of RTDs
grown on the two types of substrates.

3.2. Comparison of epitaxial growth characterization of
devices

AFM images of samples A (sapphire substrates) and B
(FS-GaN substrates) were illustrated in Figs. 3(a) and 3(b), re-

spectively. The rms roughness of the surface with a scanning
area of 5 µm×5 µm was 0.49 nm and 0.28 nm, respectively. It
can be seen that sample A has a hill-rock morphology, while
sample B exhibits a regular step-flow feature and atomically
smooth surface. This result may be related to lower thermal
conductivity and larger dislocation densities of the sapphire
substrates. On the one hand, at the same growth temperature,
gallium (Ga) atoms have lower mobility at the front surface
on sapphire substrates which affect the atoms distribution and
step coverage of thin films; on the other hand, GaN epitaxial
wafers grown on the sapphire substrates will naturally result in
higher dislocation densities due to the larger lattice mismatch.
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The effects of silicon doping and high dislocation densities for
sapphire substrates even lead to the generation of defect pits
as shown in Fig. 3(a).[31] Consequently, a poor surface was
obtained for RTD wafer grown on sapphire substrates.

1 mm

(a)

1 mm

(b)

Fig. 3. AFM images of RTD wafers grown on (a) sapphire substrate and
(b) FS-GaN substrate.

Dislocation is one of the important factors for RTD wafer
quality, and its density will affect greatly on NDR character-
istic and peak current densities of the device. As shown in
Fig. 4, the x-ray diffraction rocking curves of GaN epitaxial
layers grown on sapphire substrates and FS-GaN substrates
were measured to estimate total dislocation densities.[32,33]

The full widths at half maximum (FWHMs) of x-ray
rocking curves along the (002) plane for the two samples are
248 arcsec and 135 arcsec, and those are 285 arcsec and 91 arc-
sec along the (102) plane, respectively. The densities of total
dislocations were calculated using the formulae[34]

TDDt = DDs +DDt, (1)

DDs =
β 2

α(002)

4.355b2
s
, (2)

DDe =
β 2

α(102)

4.355b2
e
, (3)

where TDDt, DDs, and DDt are the total dislocation density,
screw dislocation density, and edge dislocation density, re-
spectively; β represents the FWHMs that are measured by
HRXRD rocking curves, and b is the Burgers vector length

to be 0.5185 nm and 0.3189 nm, respectively.[35] Accord-
ing to formulae (1)–(3), the calculated GaN layers edge and
screw densities values are listed in Table 1. The total dis-
location densities of the GaN epitaxial layer grown on sap-
phire substrates and FS-GaN substrates are 5.5 × 108 cm−2

and 8.1 × 107 cm−2, respectively. These results are higher
than the dislocation density threshold of 3.96× 107 cm−2 re-
ported in the literature for observable repeated NDR.[29] As for
GaN-based RTDs, these defects can be acted as carrier traps to
induce current leakage and even mask the resonant tunneling
transport.[36,37] Thus, the trap effect may be the main direct
reason for no NDR in sample A and irreproducible NDR in
sample B at room temperature. Therefore, the dislocation den-
sities of GaN-based RTD wafers need to be decreased further
to achieve stable NDR.

(a)

(b)
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Fig. 4. X-ray diffraction rocking curves along (a) the (002) plane and
(b) the (102) plane of RTD wafers grown on two types of substrates.

Table 1. Dislocation densities of GaN epitaxial layers grown on two types of substrates.

Sample
HRXRD half width (arcsec) Linear dislocation densities (108 cm−2)
(002) (102) screw edge Total

A (sapphire substrates) 248 285 1.24 4.31 5.55
B (FS-GaN substrates) 135 91 0.37 0.44 0.81

Furthermore, we employ CL to realize the macroscopic

characteristics of threading dislocations, and the approximate

dislocation densities can be estimated based on the surface

luminescence.[38] Figure 5 presents the CL images of samples

A and B, where the black dots in the figure indicate threading

dislocations. It can be found that the dislocation densities of

sample A are significantly higher than those of sample B. The

calculated dislocation densities of RTDs grown on sapphire

substrates and FS-GaN substrates are 108 cm−2 and 106 cm−2,

respectively.

High-quality ultrathin AlN/GaN double-barrier structure

is the key to achieving NDR in GaN-based RTD. Figure 6

presents STEM images of the AlN/GaN double-barrier struc-

ture in two RTD samples. Firstly, clear and abrupt AlN/GaN
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hetero-interfaces are observed in sample B grown on FS-GaN
substrates, whereas hetero-interfaces are indistinct for sam-
ple A grown on sapphire substrates. Secondly, the deviation
between the measured thickness and the design thickness of
AlN barrier layers is within 0.2 nm, but the thickness devia-
tions of GaN well for the two RTD samples reach 28% and
1%, respectively. Consistent with the AFM measurement re-
sults, FS-GaN substrates can enhance nucleation and crystal-
lization of GaN and AlN material because of atomic mobility
and incorporation effectively and few defects during the epi-
taxial growth. Consequently, the thicknesses of epitaxial lay-
ers are controlled atomically and abrupt hetero-interfaces are
achieved in GaN-based RTDs grown on FS-GaN substrates.

(a) (b)

Fig. 5. CL images over 25.5 µm×25.5 µm of RTD epitaxial wafers
grown on (a) sapphire substrate and (b) FS-GaN substrate.

AlN
GaN
AlN

AlN

AlN

GaN

Fig. 6. STEM images of the AlN/GaN double barrier structure in RTDs
grown on (a) sapphire substrates and (b) FS-GaN substrates, respectively.

4. Conclusion
In summary, AlN/GaN RTDs grown on sapphire sub-

strates and FS-GaN substrates by PA-MBE have been pre-
pared separately. Two resonant peaks were observed for RTDs
grown on FS-GaN substrates, and the peak current densities
range from 175 kA·cm−2 to 700 kA·cm−2 under forward bias
at room temperature. Furthermore, no NDR was observed
in RTDs grown on the sapphire substrates. A series of com-
parative experimental results show that RTD epitaxial wafers
grown on FS-GaN substrates have lower dislocation densities,
better surface morphology, and sharper heterogeneous inter-
faces, which are the keys to achieving reproducible NDR at
room temperature. Therefore, the growth and mechanism of

GaN-based RTDs on two types of substrates by MBE need to
be investigated more deeply.
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[20] Golka S, Pflügl C, Schrenk W, Strasser G, Skierbiszewski C, Siekacz

M, Grzegory I and Porowski S 2006 Appl. Phys. Lett. 88 172106
[21] Kikuchi A, Bannai R and Kishino K 2001 Phys. Status Solidi A 188

187
[22] Encomendero J, Yan R, Verma A, Islam S M, Protasenko V, Rouvimov

S, Fay P, Jena D and Xing H G 2018 Appl. Phys. Lett. 112 103101
[23] Cornuelle E M, Growden T A, Storm D F, Brown E R, Zhang W,

Downey B P, Gokhale V, Ruppalt L B, Champlain J G, Peri P, Mc-
Cartney M R, Smith D J, Meyer D J and Berger P R 2020 AIP Adv. 10
055307

[24] Wang D, Su J, Chen Z, Wang T, Yang L, Sheng B, Lin S, Rong X,
Wang P, Shi X, Tan W, Zhang J, Ge W, Shen B, Liu Y and Wang X
2019 Adv. Electron. Mater. 5 1800651

[25] Wang D, Chen Z Y, Wang T, Yang L Y, Sheng B W, Liu H P, Su J,
Wang P, Rong X, Cheng J Y, Shi X Y, Tan W, Guo S P, Zhang J, Ge W
K, Shen B and Wang X Q 2019 Appl. Phys. Lett. 114 073503

[26] Wang D, Chen Z, Su J, Wang T, Zhang B, Rong X, Wang P, Tan W, Guo
S, Zhang J, Shen B and Wang X 2020 Adv. Funct. Mater. 31 2007216

[27] Growden T A, Cornuelle E M, Storm D F, Zhang W, Brown E R,
Whitaker L M, Daulton J W, Molnar R, Meyer D J and Berger P R
2019 Appl. Phys. Lett. 114 203503

[28] Cho Y, Encomendero J, Ho S T, Xing H G and Jena D 2020 Appl. Phys.
Lett. 117 143501

[29] Zhang H, Xue J, Fu Y, Li L, Sun Z, Yao J, Liu F, Zhang K, Ma X,
Zhang J and Hao Y 2021 J. Appl. Phys. 129 014502

[30] Lin S, Wang D, Tong Y, Shen B and Wang X 2020 J. Phys. D: Appl.
Phys. 53 253002

127301-5

http://dx.doi.org/10.1016/S1369-7021(08)70117-2
http://dx.doi.org/10.1038/nphoton.2007.3
http://dx.doi.org/10.1109/JPROC.2007.898844
http://dx.doi.org/10.1007/s10762-014-0058-z
http://dx.doi.org/10.1007/s10762-014-0058-z
http://dx.doi.org/10.7498/aps.67.20181208
http://dx.doi.org/10.7498/aps.67.20181208
http://dx.doi.org/10.1088/0256-307X/32/11/118501
http://dx.doi.org/10.1134/S1063782614130041
http://dx.doi.org/10.1063/1.4893561
http://dx.doi.org/10.1063/1.4729819
http://dx.doi.org/10.1063/1.3659468
http://dx.doi.org/10.1063/1.3525834
http://dx.doi.org/10.1063/1.3525834
http://dx.doi.org/10.1063/1.3515418
http://dx.doi.org/10.1002/(ISSN)1610-1642
http://dx.doi.org/10.1002/(ISSN)1610-1642
http://dx.doi.org/10.1002/(ISSN)1610-1642
http://dx.doi.org/10.1016/j.physe.2003.11.119
http://dx.doi.org/10.1002/(ISSN)1610-1642
http://dx.doi.org/10.1002/(ISSN)1610-1642
http://dx.doi.org/10.1063/1.1501157
http://dx.doi.org/10.1063/1.1501157
http://dx.doi.org/10.1063/1.4961442
http://dx.doi.org/10.1063/1.3294633
http://dx.doi.org/10.1063/1.2199445
http://dx.doi.org/10.1002/(ISSN)1521-396X
http://dx.doi.org/10.1002/(ISSN)1521-396X
http://dx.doi.org/10.1063/1.5016414
http://dx.doi.org/10.1063/5.0005062
http://dx.doi.org/10.1063/5.0005062
http://dx.doi.org/10.1002/aelm.v5.2
http://dx.doi.org/10.1063/1.5080470
http://dx.doi.org/10.1002/adfm.v31.8
http://dx.doi.org/10.1063/1.5095056
http://dx.doi.org/10.1063/5.0022143
http://dx.doi.org/10.1063/5.0022143
http://dx.doi.org/10.1063/5.0033324
http://dx.doi.org/10.1088/1361-6463/ab7f71
http://dx.doi.org/10.1088/1361-6463/ab7f71


Chin. Phys. B Vol. 30, No. 12 (2021) 127301

[31] Matejova J S, Horak L, Minarik P, Holy V, Grzanka E, Domagala J and
Leszczynski M 2021 J. Appl. Crystallography 54 62

[32] Ali A H, Shuhaimi A, Hassan Z and Yusof Y 2013 International Con-
ference on X-Ray and Related Technique in Research and Industry
(ICXRI 2012), July 3–5, 2012, Pulau Pinang, Malaysia, p. 22

[33] Kraus A, Hammadi S, Hisek J, Buss R, Joenen H, Bremers H, Rossow
U, Sakalauskas E, Goldhahn R and Hangleiter A 2011 J. Cryst. Growth
323 72

[34] Grier A, Valavanis A, Edmunds C, Shao J, Cooper J D, Gardner G,
Manfra M J, Malis O, Indjin D, Ikonic Z and Harrison P 2015 J. Appl.
Phys. 118 224308

[35] Surender S, Pradeep S, Prabakaran K, Sumithra S M, Singh S and
Baskar K 2018 J. Alloys Compd. 734 48

[36] Yang L A, He H, Mao W and Hao Y 2011 Appl. Phys. Lett. 99 153501
[37] Wang X, Chen L L, Cao Y R, Yang Q S, Zhu P M, Yang G F, Wang F

X, Yan D W and Gu X F 2018 Acta Phys. Sin. 67 177202 (in Chinese)
[38] Chen Z, Zhang Y and Zhao H 2020 Opt. Express 28 26651

127301-6

http://dx.doi.org/10.1107/S1600576720014764
http://dx.doi.org/10.1016/j.jcrysgro.2010.10.124
http://dx.doi.org/10.1016/j.jcrysgro.2010.10.124
http://dx.doi.org/10.1063/1.4936962
http://dx.doi.org/10.1063/1.4936962
http://dx.doi.org/10.1016/j.jallcom.2017.10.293
http://dx.doi.org/10.1063/1.3650253
http://dx.doi.org/10.7498/aps.67.20180762
http://dx.doi.org/10.1364/OE.399986

	1. Introduction
	2. Experiment
	3. Results and discussion
	3.1. The I–V measurement results of RTDs grown on different substrates
	3.2. Comparison of epitaxial growth characterization of devices

	4. Conclusion
	References

