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Abstract

®

CrossMark

An experimental method has been used to estimate the dead space of planar Gunn diodes which
were fabricated using GaAs and InP based materials, respectively. The experimental results
indicate that the dead space was approximately 0.23 um and the saturation domain velocity
0.96x10°ms™! for an Aly»3Gag 77As based device, while for an Ing 53Gag 47As based device,

the dead space was approximately 0.21 ym and the saturation domain velocity 1.93 x 10> ms™".

1

Further, the results suggest that the saturation domain velocity is reduced or there is an increase
in the dead-space due to local field distortions when the active channel length of the planar Gunn

diode is less than 1 micron.

Keywords: dead space, planar Gunn diode, GaAs material, InP material

(Some figures may appear in colour only in the online journal)

1. Introduction

THERE is a growing demand for a solid state terahertz source
[1, 2] to occupy the small chip area, provide high RF power
generation, and at a low operating dc voltage at room tem-
perature. Recently in 2007, Khalid et al [3, 4] proposed and
fabricated the first Alg,3Gag77As based planar Gunn diode
operating above 100 GHz. The operating frequency of the
planar Gunn diode is determined by the separation between
the anode and cathode electrodes, which is known as the
active channel length L,.. The active channel length and the
saturation velocity vs determine the transit mode oscillation
frequency (v¢/L,.) of the Gunn diode. The first Aly13Gag 77As
based planar Gunn diodes provided low RF output power of
—43.5dBm [3] at a fundamental frequency of 108 GHz. In
2011 Li et al [5] demonstrated a planar Gunn diode with
seven parallel active channels providing an RF output power
of —6.82dBm at a fundamental operating frequency of
101 GHz.

0268-1242/15/012001+05$33.00
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In recent years planar Gunn diode technology has
improved enabling operation in the higher milli-metric and
low terahertz regions of the electromagnetic spectrum.
Al »3Gag77As based planar Gunn diodes with an anode to
cathode separation of 1 ym have shown the highest funda-
mental operational frequency of 121 GHz recorded for a
Al 3Gag 77As based Gunn diode; the RF output power was
—9.3 dBm [6].Very recently Khalid et al [7] published results
for a Ing 53 Gag47As based Gunn diode fabricated on lattice
matched InP substrate showing an operational fundamental
frequency of 298 GHz with an RF output power of —25 dBm.
The anode to cathode separation was 0.6 yum and represented
the first sub-micron planar Gunn diode. Theoretically the
transit fundamental oscillation frequency of the device can be
increased by reducing the active channel length L,.. However,
Monte Carlo simulations of the planar Gunn diode suggest
Gunn oscillations cannot be maintained for active channel
lengths which are approximately 0.6 um [8, 9]. The Monte
Carlo simulation also indicates the presence of a dead space

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic view of material layers.

Lgeaq (the distance it takes the Gunn domain to form in the
active region). The simulation indicated the dead space was
~0.25 ym for both GaAs and InP based planar Gunn diodes
[5, 9—11]. A similar dead space has been seen theoretically
and experimentally in vertical Gunn diodes [12-14]. The
presence of the dead space will affect the transit mode fre-
quency of operation and the efficiency of the planar Gunn
diode as it reduces the active channel length and increases the
parasitic channel resistance, respectively.

In this paper, both GaAs and InP material based planar
Gunn diodes were fabricated with different active channel
lengths in order to experimentally determine the active
channel dead space. The device fundamental transit frequency
was determined using a high frequency network analyzer and
for the lower frequencies, the measurement was substantiated
using spectrum analyzer measurements. Using the experi-
mental fundamental frequency and knowing the physical
active length the dead space was determined. The results
indicate that the dead space associated with Aly,3Gag77As
(~0.23 um) and Ing 53Gag 47As(x0.21 um) based planar Gunn
diodes was similar and constant as predicted by the Monte
Carlo simulations, provided the active channel length was
greater than 1 ym.

2. Fabrication of planar Gunn diodes on GaAs and
InP based materials

2.1. Fabrication of device by using the GaAs material

The planar Gunn diode was developed by the Universities of
Glasgow and Aberdeen, and figure 1 shows a schematic of the
cross section of the material layers making up the device. The
device material layers were grown by molecular beam epitaxy
(MBE) and consisted of a highly doped GaAs layer (15 nm),
50 nm of un-doped GaAs between 20 nm layers of double o-
doped Al »3Gag77As forming the Gunn channel. These are
grown on a 500 nm GaAs buffer layer grown directly on a
620 um thick semi-insulating GaAs substrate. The anode and
cathode ohmic contact regions were defined by electron beam
lithography (EBL) using polymethylmethacrylate (PMMA)
resist and formed using Pd/Ge/Au/Pt/Au deposited by e-beam
evaporation and annealed at 400 °C.

Cathode

Anode
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n*-InGaAs Cap

n*-InGaAs Cap
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Figure 2. Schematic view of material layers.

2.2. Fabrication of device by using the InP material

Figure 2 shows a schematic view of the physical cross-section
of the planar Gunn diode. The same fabrication methodology
was used to fabricate the Ing 53Gag 47As planar Gunn diode
[3,7, 15, 16]. The device material layers were grown by MBE
and consisted of a highly doped Ings3Gag4;As layer
(8x10"°cm™) with a 300 nm thick active channel layer,
followed by 200 nm thick cap layer of Ing 53Gag 47As, with a
doping density of 2x 10'® cm™. These layers were directly
grown on a 600 um thick semi-insulating InP substrate. The
nL,. product of both the GaAs and InP based planar Gunn
diodes were designed to be greater than 10'* cm™, where 7 is
the free carrier density and L,. is the separation distance
between the anode and cathode [17]. The anode and cathode
low resistance ohmic contact layer was again defined by EBL
using a polymethylmethacrylate (PMMA) resist and formed
using Pd/Ge/Au/Pt/Au deposited by e-beam evaporation and
annealed at 400 °C.

3. Planar Gunn diode measurements

A selection of GaAs and InP based planar Gunn diodes with
different active channel lengths were dc and RF character-
ized. The active channel length of these devices was
between 4 and 1 ym in steps of 1 yum. The pulsed IV char-
acteristics were first measured using a probe station con-
nected to an automatic pulsed /V plotting system (Agilent
semiconductor device analyzer B1500). This enabled devi-
ces with a negative resistance region to be identified for RF
characterization.

The calculated expected transit oscillation frequencies
using equation (1) for the different active channel lengths for
both the Al ,3Gag 77As and Ing 53Gag 47As based planar Gunn
diodes are given in table 1. The calculation was made

assuming the domain velocity was 1x10°msec™' for
Aly»3Gag7As [3, 6] and 2.25x10°msec™ [7] for
Ing 53Gag 47As.

f= Vdomain 1)

LZIC

Single port S-parameter measurements were used to
identify the natural transit oscillation frequency using the
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Table 1. Oscillating frequency of the planar Gunn diode.

Operating Frequency Operating Frequency

Lo of GaAs of InP

0.6 um 166.7 GHz 375 GHz
0.7um 142.8 GHz 321.4 GHz
1 ym 100 GHz 225 GHz
2 um 50 GHz 112.5 GHz
3 ym 34 GHz 75 GHz

4 ym 25 GHz 56.3 GHz

criterion that the transit frequency corresponded to the max-
imum magnitude of S;;. The Alg3Gag77As  and
Ing 53Gag 47As device dc operating voltages for the S-para-
meter measurements are given in table 2. The channel length
of these devices stepped from 1 to 4 ym in 1 um steps.

To verify this criterion spectrum analyser results were
used on devices operating at the lower transit oscillation
frequencies, i.e. those devices where the active channel
length was 4 ym. The single port S-parameters were mea-
sured using the VNA as frequencies approaching 220 GHz
could be measured which corresponded to the shorter
channel length of devices fabricated on Ings3Gag47As
material (see table 1).

The VNA S-parameter set-up consisted of calibrated
50 Ohm GSG probes attached to an Agilent network analyzer
operating from 10MHz to 110GHz and 140GHz to
220 GHz. Single port S;; measurements were made on both a
GaAs and InP based planar Gunn diodes with a 4 ym active
channel length. The measurements indicate natural fre-
quencies of operation of 28 and 62.8 GHz, respectively.
These natural oscillation frequencies were verified by using
spectrum analyser measurements. The spectrum analyser
measurement set-up consisted of Agilent E4448 spectrum
analyser, CPW probe and W-band mixer. Figure 3 shows the
spectrum analyzer measurements on GaAs and InP based
devices with an active channel length of 4 ym. The 4 ym
GaAs based planar Gunn diode oscillated (dc=4.46V) at
27.67 GHz with an RF output power of —23.4 dBm and the
4 ym InP device (dc=3.76 V) oscillated at 63.5 GHz with an
RF output power of —6.64dBm. These frequencies were
similar to those measured using the VNA and the criterion of
maximum Sy;.

It was found that the oscillation frequency of GaAs and
InP device were higher than the figures calculated in table 1.
To verify the physical separation between the anode and
cathode electrodes a scanning electron microscope (SEM)
was used. The electrode separation of the devices selected for
RF measurement were measured and found to correspond to
the designed active channel lengths. The increase in the
measured transit frequency can be explained by the existence
of a dead space in the active channel length, which effectively
reduces the channel length as reported by Li ef al [5, 15]. The
dead space can be estimated by using equation (2) and by
plotting the measured transit time (1/(transit frequency of

Table 2. DC Operating voltages for Aly,3Gag.77As and
Ing 53Gag 47As devices.

Channel dc bias voltage dc bias voltage
length Alo_23Gao_77AS In0_53Gao_47As
1 ym 2.57-2.96 V 1.31-1.87 v

2 ym 3.26-3.58V 2.17-2.26 V

3 um 3.63-398V 243271V

4 ym 42485V 3.51-3.87V

oscillation)) against active channel length L.

Vdomain (2)

Lgead = Lgc — —224n
dead ac f(GHZ)

The experimentally estimated dead space for both the
GaAs and InP based planar Gunn diodes are shown in
figures 4 and 5, respectively. The results indicate for
Alg3Gag 77As based planar Gunn diodes the dead space was
0.23um and the saturation domain velocity was
0.96x 10> ms™'. This velocity is consistent with the estimated
electric field of between 1 to 2MV m™" for the devices with
channel widths of 2 to 4 microns. The dead space appeared to
be almost constant between 1.5 to 4 um active channel
lengths. As 1um channel length was approached the plot
started to show some non-linearity, which indicated a
reduction in the saturation domain velocity, or an increase in
the dead space. Similar trends were observed for the InP
based planar Gunn diode. The experimental results also
included the published transit mode frequency for a 0.6 ym
[7] and a 0.7 ym [18] active channel length Ings3Gag47As
planar Gunn diodes. The estimated dead space was 0.21 ym
for channel lengths of 4 ym approaching 1pm and the esti-
mated saturation domain velocity was 1.93x 10> ms™'. This
experimental work verifies that the saturation domain velocity
for the Ings3Gap4;As based planar Gunn diode was
approximately twice saturation domain velocity of the
Aly23Gag 77As based planar Gunn diode [7]. Below 1 um the
plot starts to show non-linearity effects indicating a reduction
in the saturation domain velocity or an increase in the dead
space. The experimental measurements agreed well with
Monte Carlo simulation of the planar Gunn diode by Dunn
et al [9] who reported a constant dead space for planar Gunn
diodes with active channel lengths greater than 1 ym.

4. Conclusion

The paper describes experimental measurements of the dead
space for both Al 23Gag 77As and Ing 53Gag 47As based planar
Gunn diodes on GaAs and InP substrates, respectively. The
results verify that the saturation domain velocity for
Ing 53Gag47As  was  approximately twice that for
Aly23Gag77As based planar Gunn diodes. The results also
indicated that the dead space for the GaAs based planar Gunn
diode was 0.23 ym and 0.21 ym for InP based planar Gunn
diode and both constant for the active channel lengths greater
than 1 um, as predicted by Monte Carlo simulations. The
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Figure 3. Spectrum Analyzer measurements results on GaAs and InP materials.

experimental work also indicated that for active channel
lengths of less than 1 um non-linear effects were seen which
could result in an increase in the dead-space, a reduction in
the domain velocity or a combination of both effects.

Acknowledgment

The authors would like to thank the staff of the James Watt
1 s 2 25 3 35 s+ Nanofabrication Centre at the University of Glasgow for help
Lac (um) in fabricating the devices which is reported in this paper. ‘Part

Figure 4. Dead Space for the GaAs based planar Gunn diode. of this work was supported by ESPRC through EP/HO11862/

25

20

—
wn

Transit Time (ps)
s

Lac=0.21 pm
(Dead space)

1, and EP/HO012966/1.

References

[1] Amir F, Mitchell C, Farrington N and Missous M 2009
Advanced Gunn Diode as high power terahertz source for a
millimetre wave high power multiplier Proc. SPIE 7485
748501-48501

[2] Pérez S, Gonzalez T, Pardo D and Mateos J 2008 Terahertz
Gunn-like oscillations in InGaAs/InAlAs planar diodes
J. Appl. Phys. 103 094516

[3] Khalid A, Pilgrim N J, Dunn G M, Holland M C, Stanley C R,
Thayne I G and Cumming D R S 2007 A Planar Gunn diode

0§ ! 15 2 28 3 38 4 operating above 100 GHz IEEE Electron Device Lett. 28
e e 849-51
Figure 5. Dead Space for the InP based planar Gunn diode. (4] Khalid A, Dunn G M, Pilgrim N, Stanley C R, Thayne I G,

Holland M and Cumming D R S 2007 Planar Gunn-type
triode oscillator at 83 GHz Electron. Lett. 43 837


http://dx.doi.org/10.1117/12.830296
http://dx.doi.org/10.1117/12.830296
http://dx.doi.org/10.1063/1.2917246
http://dx.doi.org/10.1109/LED.2007.904218
http://dx.doi.org/10.1109/LED.2007.904218
http://dx.doi.org/10.1109/LED.2007.904218
http://dx.doi.org/10.1109/LED.2007.904218
http://dx.doi.org/10.1049/el:20071099

Semicond. Sci. Technol. 30 (2015) 012001

P Fast Track Communications

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

Li C 2011 Design and Characterisation of Millimeter-Wave
Planar Gunn Diode and Integrated Circuits University of
Glasgow

Maricar M 1, Glover J, Khalid A, Li C, Evans G,

Cumming D S R and Oxley C H 2014 An AlGaAs/GaAs-
based planar Gunn diode oscillator with a fundamental
frequency operation of 120 GHz Microw. Opt. Technol. Lett.
56 2449-51

Khalid A ef al 2014 Terahertz oscillations in an Ing 53Gag 47As
submicron planar Gunn diode J. Appl. Phys. 115 114502

Teoh Y P, Dunn G M, Priestley N and Carr M 2005 Monte
Carlo simulations of asymmetry multiple transit region
Gunn diodes Semicond. Sci. Technol. 20 418-22

Montes M, Dunn G, Stephen A, Khalid A, Li C, Cumming D,
Oxley C H, Hopper R H and Kuball M 2012 Reduction of
impact ionization in GaAs-based planar Gunn diodes by anode
contact design IEEE Trans. Electron Devices 59 654—60

Montes Bajo M, Dunn G, Stephen A, Khalid A,

Cumming D R S, Oxley C H, Glover J and Kuball M 2013
Impact ionisation electroluminescence in planar GaAs-based
heterostructure Gunn diodes: spatial distribution and impact
of doping non-uniformities J. Appl. Phys. 113 124505

Maricar M I, Glover J, Evans G A, Khalid A, Papageorgiou V,
Chong L, Dunn G and Oxley C H 2013 Planar Gunn diode
characterisation and resonator elements to realise oscillator
circuits Int. Conf. on Advanced Nanomaterials & Emerging
Engineering Technologies ICANMEET-2013 pp 674-8

Couch N R, Beton P H, Kelly M J, Kerr T M, Knight D J and
Ondria J 1988 The use of linearly graded composition

[13]

[14]

[15]

[16]

(7]

(18]

AlGaAs injectors for intervalley transfer in GaAs: theory
and experiment Solid. State. Electron. 31 613-6

Neylon S, Dale I, Spooner H, Worley D, Couch N,
Knight D and Ondria J 1989 State-of-the-art performance
millimetre wave gallium arsenide Gunn diodes using
ballistically hot electron injectors /[EEE MTT-S Int.
Microwave Symp. Digest pp 519-22

Forster A, Stock J, Montanari S, Lepsa M I and Liith H 2006
Fabrication and characterisation of GaAs Gunn diode chips
for applications at 77 GHz in automotive industry Sensors 6
350-60

Khalid A, Li C, Papageogiou V, Dunn G M, Steer M J,
Thayne I G, Kuball M, Oxley C H, Montes Bajo M,
Stephen A, Glover J and Cumming D R S 2013
Ing 53Gag 47As planar Gunn diodes operating at a
fundamental frequency of 164 GHz Electron Device Lett.
IEEE 34 39-41

Li C, Khalid A, Pilgrim N, Holland M C, Dunn G and
Cumming D S R 2009 Novel planar Gunn diode operating in
fundamental mode up to 158 GHz J. Phys. Conf. Ser. 193
012029

Kowalsky W, Schlachetzki A and Wehmann H-H 1984
Transferred-electron domains in Ing 53Gag 47As in
dependence on the the nl product Solid. State. Electron. 27
187-9

Khalid A, Thoms S, Macintyre D, Thayne I G and
Cumming D R S 2014 Fabrication of submicron planar
Gunn diode 26th Int. Conf. on Indium Phosphide and
Related Materials (IPRM) pp 1-3


http://dx.doi.org/10.1002/mop.28606
http://dx.doi.org/10.1002/mop.28606
http://dx.doi.org/10.1002/mop.28606
http://dx.doi.org/10.1063/1.4868705
http://dx.doi.org/10.1088/0268-1242/20/5/016
http://dx.doi.org/10.1088/0268-1242/20/5/016
http://dx.doi.org/10.1088/0268-1242/20/5/016
http://dx.doi.org/10.1109/TED.2011.2177094
http://dx.doi.org/10.1109/TED.2011.2177094
http://dx.doi.org/10.1109/TED.2011.2177094
http://dx.doi.org/10.1063/1.4798270
http://dx.doi.org/10.1016/0038-1101(88)90353-X
http://dx.doi.org/10.1016/0038-1101(88)90353-X
http://dx.doi.org/10.1016/0038-1101(88)90353-X
http://dx.doi.org/10.3390/S6040350
http://dx.doi.org/10.3390/S6040350
http://dx.doi.org/10.3390/S6040350
http://dx.doi.org/10.3390/S6040350
http://dx.doi.org/10.1109/LED.2012.2224841
http://dx.doi.org/10.1109/LED.2012.2224841
http://dx.doi.org/10.1109/LED.2012.2224841
http://dx.doi.org/10.1088/1742-6596/193/1/012029
http://dx.doi.org/10.1088/1742-6596/193/1/012029
http://dx.doi.org/10.1016/0038-1101(84)90110-2
http://dx.doi.org/10.1016/0038-1101(84)90110-2
http://dx.doi.org/10.1016/0038-1101(84)90110-2
http://dx.doi.org/10.1016/0038-1101(84)90110-2

	1. Introduction
	2. Fabrication of planar Gunn diodes on GaAs and InP based materials
	2.1. Fabrication of device by using the GaAs material
	2.2. Fabrication of device by using the InP material

	3. Planar Gunn diode measurements
	4. Conclusion
	Acknowledgment
	References



