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Abstract

The GaN material parameters relevant to the negative di�erential resistance (NDR) devices are discussed, and their

physical models based on the theoretical predictions and experimental device characteristics are introduced. Gunn

diode design criteria were applied to design the GaN NDR diodes. A higher electrical strength of the GaN allowed

operation with higher doping (�1017 cmÿ3) and at a higher bias (90 V for a 3 lm thick diode). The transient hydro-

dynamic simulations were used to carry out the harmonic power analysis of the GaN NDR diode oscillators in order to

evaluate their large-signal microwave characteristics. The GaAs Gunn diode oscillators were also simulated for a

comparison and veri®cation purposes. The dependence of the oscillation frequency and output power on the GaN

NDR diode design and operating conditions are reported. It was found that, due to the higher electron velocities and

reduced time constants, GaN NDR diodes o�ered twice the frequency capability of the GaAs Gunn diodes (87 GHz vs.

40 GHz), while their output power density was 2� 105 W/cm2 compared with �103 W/cm2 for the GaAs devices. The

reported improvements in the microwave performance are supported by the high value of the GaN Pf 2Z ®gure of

merit, which is 50±100 times higher than the GaAs, indicating a strong potential of the GaN for the microwave signal

generation. Ó 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The principle of the negative di�erential resistance

(NDR) has been successfully employed in the semicon-

ductor devices. The GaAs- and the InP-based Gunn di-

odes, based on the bulk NDR e�ect, have manifested

good characteristics for the microwave and millimeter-

wave signal generation [1,2]. The NDR e�ect in these

materials is due to the electron transfer between the high-

mobility central and the low-mobility satellite valley.

The use of the wide-band-gap semiconductors, such as

the GaN, with an increased electrical strength o�ers the

possibility to increase the output power of the semicon-

ductor devices. Thus, a record output power density for

any FET of 7 W/mm at 10 GHz was recently obtained

with the GaN-based MODFETs [3]. The studies of the

fundamental properties of the GaN indicates that this

material also exhibits a bulk NDR e�ect with a threshold

®eld FTH of the order of 80±150 KV/cm. Various possi-

bilities are suggested for the nature of the NDR in nit-

rides, including the electron intervalley transfer [4], and

the in¯ection of the central valley [5]. Independent of the

nature of the NDR, Gunn domain instability is expected

to be possible in a semiconductor provided the appro-

priate I±V characteristics are present [6].

Although further con®rmation is needed regarding

the presence of a transferred-electron e�ect in GaN-

based materials, it is important at this stage to evaluate

the advantages of using a GaN in the NDR signal

generators. The latter include increased the electrical
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strength, a higher threshold ®eld, and the possibility of a

faster operation due to the larger electron velocity and a

reduced energy-relaxation time in the GaN. This article

provides the ®rst systematic analysis of the use of the

GaN for the NDR diode realization and discusses the

expected frequency and power characteristics of the GaN

NDR oscillators as a function of bias, doping, frequency,

and termination impedance of the resonant cavity.

2. Modeling of GaN material parameters

The studies of the GaN-based NDR diodes were

conducted by employing a commercial semiconductor-

device simulator Medici [13]. Since this program does

not contain material parameters for GaN, these had to

be obtained from the literature and were evaluated,

veri®ed, and properly introduced into the simulator.

Comparisons of a simulated performance with the ex-

perimental characteristics of the GaN-based MESFETs

and PIN diodes were made to enable the validation of

the selected parameters. Further details on the adopted

approach are presented elsewhere [7].

A low-®eld electron mobility of ln � 280 and 60 cm2/

V s were assumed for the wurtzite (Wz) GaN doped at

N � 5� 1016 and 1� 1019 cmÿ3, respectively [8]. The

values of an electron lifetime sn � 7 ns and a hole life-

time sp � 0:1 ns used in the simulations were based on

the experimental data measured by an electron-beam-

induced current method [9]. The coe�cients for calcu-

lating the impact-ionization rates in the GaN were

obtained by ®tting the theoretical predictions presented

in Ref. [10] and veri®ed by comparing the simulation

results with the experimental breakdown voltages re-

ported for the GaN PIN diodes [11].

The models for the ®eld dependence of an electron

mobility in the GaN were based on the v±F character-

istics calculated by the Monte Carlo simulations [4,12].

The velocity±®eld characteristics, evaluated in these

studies, demonstrated a bulk NDR e�ect in the high-

®eld region due to the intervalley transfer. However, the

threshold ®eld for the intervalley transfer and a conse-

quent appearance of the NDR in a GaN was much

larger than in conventional semiconductors such as

GaAs. An increase in the threshold ®eld is caused by a

larger separation between the satellite and central valleys

in the Wz GaN where DE is � 2:1 eV compared to

DE � 0:3 eV for GaAs. The analytical expression (Eq. 1)

for v±F characteristics in the GaAs [13] was used in the

simulations:

v�F � � lF
1� vSAT

lF
F

FTH

� �4

1� F
FTH

� �4
: �1�

This was ®tted to the results of Ref. [12] in order to

obtain the v±F dependence on the GaN, which manifests

a higher peak velocity vPEAK (3� 107 vs. 1:5� 107 cm/s),

increased saturation velocity vSAT (2� 107 vs. 0:6� 107

cm/s), and a much larger threshold ®eld FTH (150 vs.

3.5 KV/cm) compared to the GaAs. At the same time,

the GaN low-®eld mobility of 280 cm2/V s and the peak

negative di�erential mobility lNDR � max�ÿdv=dF � of

50 cm2/V s are lower than the GaAs values of 8000 and

2500 cm2/V s, respectively.

According to recent studies on the GaN bandstruc-

ture, the C-valley in¯ection point, at which the group

electron velocity is maximal, was found to be located

below the lowest satellite valley in both zinc-blende (Zb)

[5] and Wz GaN [14]. Although further studies are

necessary to con®rm this, it is possible that the reduction

of the drift electron velocity in the C valley caused by

carriers becoming energetic enough to approach the in-

¯ection point can lead to a bulk NDR. This contrasts

with other semiconductors, where intervalley transfer or

impact ionization are initiated at a lower ®eld than at the

in¯ection-point NDR [1]. Quantum devices employing

superlattice structures to reduce the threshold ®eld of the

in¯ection-based NDR mechanism were ®rst proposed by

Esaki [15] and their feasibility has since been con®rmed

[16].

The reported v±F characteristics of the Zb GaN cal-

culated using Monte-Carlo simulations were based on a

band structure containing the C-valley in¯ection point,

and the results indicated that the NDR was indeed

caused primarily by the dispersion of the electron drift

velocity in the C valley [5]. The in¯ection-based NDR

manifested a threshold ®eld FTH of 80 KV/cm and peak

velocity vPEAK of 3:8� 107 cm/s compared with

FTH � 110 KV/cm and vPEAK � 2:7� 107 cm/s calculated

in Ref. [4] for an intervalley-transfer-based NDR.

However, by far, a more important consequence of the

in¯ection-based NDR is the elimination of the interv-

alley-transfer relaxation time from the time required for

the NDR formation and, thus, there is a possibility of a

signi®cantly increased frequency capability for the GaN

in¯ection-based NDR diodes.

Frequency-independent v±F characteristics can be

used to describe electron transport in the presence of a

time-varying electric ®eld as long as the frequency of the

operation f is much lower than the NDR relaxation

frequency fNDR de®ned by expression (2):

f < fNDR � 1

sER � sET

; �2�

where sER is the energy-relaxation time and sET is the

intervalley relaxation time. The sER can be estimated as

the time taken to accelerate the electrons to the thresh-

old energy DE [1]:

sER �
�����������������
2meffDE
p

qFTH

�3�
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The energy-relaxation time of 0.15 ps calculated for the

Wz GaN was 10 times smaller than the GaAs value of

1.5 ps. The intervalley-transfer relaxation time sET was

evaluated from the results of Monte-Carlo studies of the

ballistic transport [17]. By extrapolating the recon-

structed sET(F) curves to the point of the threshold ®eld

F � FTH, the electron intervalley-transfer times sET of

7.7 and 1.2 ps were found for GaAs and GaN, respec-

tively.

Based on the results of this straightforward analysis,

the NDR relaxation frequency fNDR of the GaAs was

found to be �105 GHz in excellent agreement with the

experimental and theoretical results [1]. The frequency

capability of the GaN-based NDR devices was found

superior to that of the GaAs Gunn diodes as indicated

by the GaN NDR relaxation frequency fNDR of �700

GHz in the case of the intervalley-transfer-based NDR

and �4 THz in the case of the in¯ection-based NDR

(with sET � 0 ps).

Since the equation and the frequency-response of the

v±F characteristics in the GaN is not yet well deter-

mined, both the intervalley-transfer-based NDR of the

Wz GaN and the in¯ection-based NDR of the Zb GaN

were considered in order to account for the uncertainty

in published v±F characteristics.

The important material parameters for the Wz GaN,

Zb GaN, and GaAs are summarized in Table 1. The

GaN o�ers a higher peak and saturation velocities than

the GaAs, which leads to a reduced transit time and

increased frequency of operation. The threshold

and breakdown ®elds are also larger in the GaN, which

allows an operation at a higher bias and leads to an

increased output power. Increased frequency response of

the high-energy electrons in the GaN is attributed di-

rectly to the higher electrical strength of this material

compared with the GaAs. The THz capability, predicted

for the GaN devices operating on the in¯ection-based

NDR, is possible due to an exceptionally high frequency

response of the electrons to the variations in the band-

structure as suggested in [16].

3. GaN NDR diode design

When a high electric ®eld F > FTH is applied to a bulk

GaN, the electrons experience a negative di�erential

mobility lNDR. Under these conditions, a non-uniformity

of the electron concentration would grow at a rate of

1/sDDR. sDDR is known as the di�erential dielectric re-

laxation time and is calculated using expression (4):

sDDR � e
qlNDRN

; �4�

where N is the electron concentration, e is the dielectric

constant, and lNDR is the peak negative di�erential

mobility. It is recognized that domain the growth lasts

for at least 3� sDDR [18] and, thus, the operation fre-

quency of the NDR devices can be limited by the active

layer doping. The dependence of the frequency capa-

bilities on N for the GaN and GaAs was calculated using

the material parameters of Table 1. The negative dif-

ferential mobility in the GaAs is higher than in GaN,

and, therefore, for the low doped devices, growth of the

electron domains occurs faster in the GaAs than in

GaN. However, as N is increased, the sDDR is re-

duced, and the frequency capability improves until it

reaches the NDR relaxation frequency fNDR discussed in

Section 2. Since f GaAs
NDR < f GaN

NDR the frequency capability of

the GaN-based devices improves for a higher N without

being limited by the fNDR as in the case of the GaAs.

This leads to GaN NDR operation that exceeds the

GaAs limit of 105 GHz for GaN doping levels above

5 ´ 1016 cmÿ3.

The (N � L) criteria for the possibility of the Gunn

domain instability are based on the fact that the domain

growth rate 1/sDDR should be higher than the transit

frequency fT � vPEAK=LA:

�NA � LA� > �N � L�0 �
3� e� vPEAK

q� lNDR

; �5�

where NA is the doping and LA is the thickness of the

active layer and the factor 3 accounts for the domain

growth time as explained earlier. The critical values of

(N � L) product for the GaN and the GaAs were cal-

culated using Eq. (5), and the material parameters of

Table 1, and the results are summarized in Table 2. The

results show that, due to a higher peak velocity and a

smaller negative mobility, (N � L)0 for the GaN is

10±100 times larger than the GaAs.

However, if the NA exceeds the critical doping con-

centration NCRIT, the static domains can be formed in-

side the active layer [18]. The formation of the parasitic

static domains results in a decrease of the output power

and may lead to an early breakdown. Values of the

Table 1

The semiconductor material parameters of the GaAs and GaN

Material FTH (KV/cm) FB (MV/cm) vSAT (cm/s) vPEAK (cm/s) l (V/cm2/s) lNDR (V/cm2/s) sNDR (ps)

GaAs 3.5 0.4 0:6� 107 1:5� 107 8000 �2500 9.4

Wz GaN 150 2 2� 107 2:9� 107 280 �50 1.4

Zb GaN 80 1.2 1:7� 107 3:5� 107 730 �220 0.25
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critical doping concentration NCRIT calculated using

Eq. (6) for the cases of the GaN and GaAs are also listed

in Table 2.

NCRIT � e� F 2
TH

q
: �6�

Due to the large di�erence in the threshold electric

®elds, NCRIT in the GaN is much higher than in GaAs

and, thus, the active region in the GaN diodes can be

doped signi®cantly higher (�1017 cmÿ3) than in GaAs

designs (�1015 cmÿ3). The latter is a very important re-

sult in terms of the feasibility of the GaN-based NDR

diodes, since the availability of the low-doped GaN

material (NA < 5� 1016 cmÿ3) is still limited. Higher

doping of the active layers in the GaN NDR diodes also

leads to a reduction of the sDDR in this material, helping

to increase its frequency capability.

A typical GaN NDR diode designed to operate at

�100 GHz had an n-type active layer with the thick-

ness LA of 3 lm and doping NA of 1� 1017 cmÿ3. The

active layer was sandwiched between the anode and

cathode layers and their corresponding ohmic contacts.

Both contact layers were 0.1 lm thick and doped at

1� 1019 cmÿ3. The diameter of the diode D was selected

to be 50 lm. A ®nal three-dimensional model of the

GaN NDR diode oscillator is shown in Fig. 1 together

with the bias supply and a parallel LCR circuit used to

represent the resonant cavity.

4. Simulation approach

The custom hydrodynamic simulators have previously

been used for the study of Gunn diodes [19]. The com-

mercial simulator employed in our work also o�ers hy-

drodynamic capabilities, and has been used for a basic

study of a possibility of the Gunn oscillations in the

collectors of the GaAs-based HBTs [20]. In this work, in

addition to the simulating GaN devices, we extended the

capabilities of this simulator to allow a large-signal

power characterization of the GaN NDR diode oscil-

lators and, for comparison purposes, the GaAs Gunn

diode oscillators.

The equations used in the hydrodynamic simulations

of the GaN NDR diodes included PoissonÕs equation,

carrier-continuity equations, and the electron energy-

balance equations. By including the NDR relaxation

time sNDR in the energy relaxation time used in the en-

ergy-balance equations, NDR in v±F characteristics was

constrained to the frequencies lower than the NDR re-

laxation frequency fNDR.

The static as well as time-dependent coupled solu-

tions of the hydrodynamic equations were obtained by

applying NewtonÕs numerical di�erentiation and inte-

gration method to the spatial distributions of the elec-

tron concentration, potential, electric ®eld, and electron

velocity [13]. A bias application was possible by setting

the Fermi level on the boundary between the anode layer

and the anode contact equal to the externally applied

voltage. During simulations of the GaN NDR diode

oscillators, the additional boundary conditions based on

the Kirchho� equations were used to represent a parallel

LCR circuit connected between the voltage supply and

the anode contact of the GaN NDR diode. The transient

large-signal simulations were used to obtain current and

voltage waveforms corresponding to the device oscilla-

tions. A harmonic power analysis employing Fourier

transforms was used to evaluate the output power

spectrum and extract the frequency and output power of

the GaN NDR diode oscillators.

5. Simulations of GaN NDR diode oscillators

When a bias VD exceeding the critical value

VCR � FTH � LA is applied to the anode contact, it results

in an electric ®eld F > FTH. Under such conditions, the

GaN NDR diode may become unstable and give rise to

sustained oscillations. The power and frequency of

the oscillations depend on the device design, biasing

Table 2

The (N � L)0 products and critical doping levels for the GaN

and GaAs

Material GaAs Zb GaN Wz GaN

(N � L)0 (cmÿ2) 0:1� 1011 2:5� 1012 8:2� 1012

NCRIT (cmÿ3) 3:4� 1015 1:2� 1018 4:3� 1018

Fig. 1. The schematics of the GaN NDR diode oscillator.
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conditions, and termination impedance of the resonant

cavity ZL.

Thus, a nominal Wz GaN NDR diode was biased

using VD � 2� VCR and connected to a parallel LCR

circuit with L � 17:5 pH, C � 0:1 pF, and R � 50 X.

Starting at zero time, VD was increased from 0 to 90 V

with a greater time rise of >1 ns in order to minimize the

voltage overshoot. Large-signal transient simulations

were used to record the voltage and current waveforms

and the results are shown in Fig. 2. The ®gure shows the

emergence of the oscillations in voltage and current

when the bias exceeds VCR of 45 V. A gradual build-up

of the amplitude of the current oscillations is shown in

Fig. 2b (see the inset). The growth of the oscillations

takes place over 0.5 ns, and is followed by a region of

sustained oscillations. The dynamic load-line corre-

sponding to the sustained oscillations is shown in Fig. 3

together with a stable DC I±V curve simulated for the

case when the GaN diode was connected directly to a

voltage source. The reduction in the value of the quies-

cent current observed in this ®gure is caused by the

presence of the sustained oscillations. An experimentally

observed NDR in the I±V characteristics of the Gunn-

diode oscillators con®rms this trend.

The voltage and current waveforms in the region of

the sustained oscillations were subjected to the harmonic

power analysis and the obtained spectrum of the output

power is shown in Fig. 4. The oscillation frequency of

the GaN NDR diode oscillator employing 3 lm thick, a

50 lm diameter GaN NDR diode was 87 GHz. Con-

sidering the employed LCR circuit parameters and the

oscillation frequency, the large-signal capacitance of the

GaN NDR diode was found to be �100 fF. The fun-

damental output power was 37.6 dBm corresponding to

the power density of 2� 105 W/cm2, while the conver-

sion e�ciency was 0.73%. This modest value of the

conversion e�ciency compared to the theoretical limit of

g � 8=p2 � �mPEAK ÿ mSAT�=�mPEAK ÿ mSAT� of 15% is at-

tributed to a low value of the quality factor

(R=xL �� 5:4) of the LCR circuit used to represent the

resonant cavity.

The impact of the biasing voltage on the frequency,

output power, and e�ciency was investigated using the

same Wz GaN NDR diode oscillator (see Fig. 5). The

frequency of the oscillations decreased steadily from 98

to 83 GHz as the bias was increased from 55 to 125 V in

agreement with the experimental trends observed for the

Fig. 2. The voltage and current waveforms of the GaN NDR

diode oscillator.

Fig. 3. A dynamic load-line and DC I±V characteristic of the

GaN NDR diode oscillator.

Fig. 4. An output power spectrum of the GaN NDR diode

oscillator.
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GaAs Gunn diodes [21]. The output power increased

steeply once the applied bias exceeded VCR, and satu-

rated for VD > 2� VCR. A slow decrease for VD >
3� VCR is attributed to an ensuing mismatch between

the large-signal impedance of the GaN NDR diode and

the terminating impedance ZL. The conversion e�ciency

was maximal for VD � 2� VCR and this bias was

employed for performing comparative studies of the

various GaN NDR diode oscillators.

The power and frequency capabilities of the GaN

NDR diodes were compared with that of the GaAs

Gunn diodes by simulating the performance of the

corresponding oscillators while modifying the thickness

LA and the doping NA of the active layer in these de-

vices. The nominal GaAs Gunn diode had the same

dimensions as the nominal GaN NDR diode: LA � 3 lm

and D � 50 lm, but the doping was reduced to

3� 1015 cmÿ3 in order to satisfy the design condition

NA < NCRIT (Table 2). This design of GaAs Gunn diode

was analogous to published descriptions of Ka-band

Gunn diodes in Ref. [22]. The bias VD for both the GaN-

and GaAs-based devices was selected to be twice the

critical bias VCR and, for the nominal designs, was 90 V

and 2.1 V, respectively. Designs of the LCR circuits for

the GaN (L � 17:5 pH, C � 0:1 pF, R � 50 X) and the

GaAs (L � 25 pH, C � 0:45 pF, R � 50 X) were opti-

mized to provide the maximum output power when used

with the devices of the nominal designs.

The results of the study conducted by varying the

thickness of the active layer are shown in Fig. 6. All

devices demonstrated expected trends of increasing the

oscillation frequency and decreasing the output power

when the thickness of the active layers was reduced.

Reduction of the output power for the GaN NDR di-

odes with thicker than 3 lm active layers was due to an

increasing mismatch with the resonant cavity. An even

more signi®cant degradation was observed for the GaAs

Gunn diodes and special care was taken in that case to

re-optimize the ZL for devices with thicker active layers.

The frequency±power tradeo� of the GaAs Gunn diodes

was restored by proper choice of a ZL and only the re-

optimized results are shown in Fig. 6.

The simulations were conducted for the NDR diodes

made of both Wz and Zb phases of the GaN in order to

account for the uncertainty in published v±F character-

istics. The simulations showed that the overall charac-

teristics of the GaN-based NDR diodes outperform

those of the GaAs Gunn diodes in terms of output

power and frequency of oscillations independent of the

speci®c v±F characteristics used to model material

properties of the GaN. Thus, given the same thickness of

the active layer, the operation frequency of the GaN

NDR diodes (65±95 GHz) was approximately twice as

that of the GaAs Gunn diodes (27±40 GHz), while given

the same device area, the maximum output power of the

GaN NDR diodes was �35 dBm compared with

�10 dBm for the GaAs Gunn diodes.

The power±frequency capability of the GaN NDR

diodes was also studied as a function of the doping of the

active layer. When the NA was increased from 5� 1016

to 5� 1017 cmÿ3, the oscillation frequency was increased

from 85 to 120 GHz due to a reduced di�erential di-

electric relaxation time in the higher-doped devices.

On the whole, when compared to the GaAs Gunn

diodes, the GaN NDR diodes showed a signi®cant im-

provement in terms of output power density and fre-

quency. These results were supported by similar

conclusions drawn with the help of the microwave signal

generator ®gure-of-merit Pf 2Z � F 2
B v2

PEAK=4, which

measures the maximum output power (P) delivered from

an oscillator to a matched impedance (Z) at a frequency

(f ) [1]. Based on the considered material properties,

Pf 2Z for GaN is 50±100 times that of the GaAs, indi-

cating a strong potential of the GaN for a microwave

signal generation.

Fig. 5. A variation of the output power, frequency, and e�-

ciency of the GaN NDR diode oscillator with bias.
Fig. 6. The power-frequency diagram for the GaN NDR diode

and GaAs Gunn diode oscillator for the devices with an active

layer width between 2 and 5 lm.
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6. Conclusions

The GaN-based NDR diodes were introduced and

the physical models for the relevant material parameters

of the Wz and Zb phases of the GaN were developed. It

was found that due to a higher electrical strength and

reduced time constants, the GaN NDR diodes o�ered a

higher increased frequency and power capability com-

pared with the GaAs Gunn diodes. The microwave

characteristics of the GaN NDR diode and GaAs Gunn

diode oscillators were evaluated by performing a large-

signal harmonic power analysis of the current and

voltage waveforms corresponding to the sustained os-

cillations. The analysis showed that the GaN-based

NDR diodes outperform the GaAs Gunn diodes inde-

pendent of the speci®c v±F characteristics used to model

material properties of the GaN. Thus, given the same

thickness of the active layer, the frequency capabilities of

the GaN NDR diodes (65±95 GHz) was approximately

twice that of the GaAs Gunn diodes (27±40 GHz), while

their output power density (�105 W/cm2) was at least

100 times higher than that of the GaAs devices. The

strong potential of the GaN for a microwave signal

generation is supported by the Pf 2Z ®gure of merit for

the GaN, which is 50±100 times higher than the GaAs.

The improvements o�ered by the wide-gap semicon-

ductor are due to a signi®cantly higher electrical

strength which allows an operation with higher doping

levels and at a higher bias, than in a conventional nar-

row-gap III±V semiconductors.
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