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Utility of the reverse double-drift region (DDR) structure has been studied for fabricating the gallium
nitride impact avalanche transit time (IMPATT) diode operating at 1.0 terahertz (THz). Static and large-
signal simulations have been carried out in order to verify the THz capabilities of conventional (normal)
and reverse DDR structures. It is revealed that IMPATT operation is only possible in a reverse GaN DDR
structure due to the lower value of series resistance of it as compared to the normal GaN DDR structure.
Normal DDR GaN IMPATT cannot be operational at THz regime. Earlier, the authors had calculated the
series resistance of conventional GaN DDR IMPATT diode designed to operate at 1.0 THz, however. They
did not take into account the current crowing and spreading resistance at the ohmic metal contacts. That is
why, the results were misleading. Those results lead to the conclusion that conventional THz GaN DDR
IMPATT may produce sufficient effective negative resistance since the series resistance of it remains with-
in the range of 1.5-2.0 Q. In this paper, authors have proposed a reverse DDR IMPATT structure exclusive-
ly for GaN material and THz frequency bands. By using this reverse DDR structure, p*-GaN ~ Ni/Au con-
tact can obtain a sufficient contact area, so that the anode-contact resistance can be minimized. A non-
sinusoidal voltage-excited large-signal model developed by the authors has been used to study the static
(DC) and large-signal properties of conventional and reverse DDR structures at 1.0 THz. The present study

on the evaluation of THz source seems to open a new horizon for THz researchers and scientists.
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1. INTRODUCTION

Several researchers have already explored the te-
rahertz (THz) proficiencies of gallium nitride (GaN).
Especially, the potentialities of impact avalanche
transit time (IMPATT) diodes based on GaN as THz
sources are already well known [1-4]. The IMPATT
diode can produce very small magnitude of negative
resistance (| Ra| < 10 Q) at THz regime. Therefore, the
positive parasitic series resistance of the THz diode
must be very small (Rs < | Rq¢|) in order obtain signifi-
cant output power at THz frequencies. The primary
components of Rs are un-swept depletion layers, n*-
and p*-contact layers and contact resistances due to
anode and cathode ohmic metal contacts [5]. Very low
resistivity of n*-GaN and Ti/Al/Ti/Au ohmic contact can
be achieved (~10-8-10-6 Q-cm2) [6]. But sufficiently
low resistivity of p*-GaN and Ni/Au ohmic contact is
very difficult to achieve; the minimum achievable resis-
tivity remains of the order of 10-3-10-2 Q.cm? [7].
Therefore, in order to keep the overall series resistance
sufficiently low, the area of p*-GaN ~ Ni/Au contact
must be as high as possible. In conventional n*-n-p-p*
DDR structure having p*-layer at the top may not pro-
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vide sufficient contact area to the p*-GaN ~ Ni/Au con-
tact, especially at the THz frequencies. For this study,
the material parameters of GaN are taken for the sim-
ulation from recently published literature [8-15].

2. REVERSE DOUBLE-DRIFT STRUCTURE

A conventional GaN based DDR IMPATT structure
is shown in Fig. 1a [8].

The initial substance is a p-type GaN substrate. An
n*-buffer layer of around 10 um thickness can be grown
on the p-GaN substrate; the donor concentration of n*-
buffer layer is 2.0X102¢ m - 3. Next, the n*, n, p, and p*-
layers are successively grown on the n*-buffer layer in
order to form a conventional DDR structure; thickness
and doping concentration of each layer are shown in
Fig. 1a. Anode is formed by depositing Ni/Au on p*-
layer, and similarly the cathode is formed by depositing
Ti/AlU/Ti/Au on n*-buffer layer (a ring-shaped cathode
structure is elaborately described in an earlier paper
[8]). In the reverse DDR IMPATT structure, the order
of layers of conventional DDR is reversed; it is shown
in Fig. 1b. Here, the initial substance is n-type GaN
substrate over which a p*-buffer layer can be deposited.
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The other layers like p*, p, n and n*-layers can be de-
posited as per Fig. 1b. The Ti/Al/Ti/Au cathode can be
deposited on top n*-layer and Ni/Au ring-shaped anode
can be deposited on p*-buffer layer.
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Fig. 1 — Schematic diagram showing the vertical section of the
1.0-THz GaN IMPATT diodes having (a) normal and (b) re-
verse DDR structures

3. STATIC ANALYSIS

The static (DC) analysis of the 1.0 THz GaN based
conventional and reverse DDR diodes are carried out
for the bias current range of 56.55-395.84 mA. The
variation of electric field and electric potential with
spatial distance are shown in Fig. 2a, b. Here, the p-n
junction is located at x = 0; p- and p*-layers are extend-
ed along the + x-axis and n- and n*-layers are extended
along the —x-axis. Since the structural and doping
parameters of both the diodes are assumed to be iden-
tical, thus both of those must have same electric field
and electric potential profiles at a particular bias cur-
rent. The field profiles ensure the fact that the p-side of
the diodes is more affected due to the space charge
phenomena as compared to the n-side of those. It is due
to the higher ionization rate of hole as compared to
electrons in GaN [12]. The variations of the breakdown
voltage (VB), avalanche zone voltage (Va) and total
voltage drop across drift zone (Vp) with bias current are
shown in Fig. 3a. Fig. 3b shows the avalanche (x4) and
total drift zone (xp) widths versus bias current; the
inset in Fig. 3b shows the ratios xa/W, xp/W and Vp/Va
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(W= W+ Wp) versus Io plots. All these plots indicate
the significant broadening of the avalanche layer with
an increase in the bias current.
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Fig. 2 - (a) Electric field and (b) potential profiles (i.e., &(x) vs.

x and V(x) vs. x, respectively) of 1.0-THz GaN IMPATT diodes
for different bias currents (Io)
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Fig. 3 — Variations of the (a) breakdown voltage (Vp), ava-
lanche zone voltage drop (Va), total voltage drop across drift
zones (Vp) and (b) avalanche zone width (xa), total width of the
drift zones (xp) with bias current density. The inset in Fig. 3b
shows the variations of xa/W, xp/W and Vp/Vs with bias cur-
rent density (where W= W, + W,)
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Fig. 4 — Variations of the (a) peak negative conductance (Gp),
and (b) corresponding susceptance (B,) with bias current
density assuming R; =0

4. LARGE-SIGNAL ANALYSIS

The admittance characteristics of the diodes with-
out considering the parasitic series resistance are ob-
tained from the large-signal simulation for different
bias currents (Fig. 4). It is noted that the sensitivity of
the magnitude of negative conductance (Gp) of the di-
odes with respect to the bias current is significantly
higher as compared to that of the susceptance (Bp).
This indicates reduction of quality factor (@ = — Bp/Gp)
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Fig. 5 — Variations of the total series resistance, resistance
due to p*-Ni/Au and n*-Ti/AI/Ti/Au contacts in (a) normal and
(b) reverse DDR diode with doping concentrations of n*-layer
and p*-buffer layer for 282.74 mA bias current (here
AD = (Ds — Di)/2 = 2 pm and Weusr = 10 pm)
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Fig. 6 — Variations of the total series resistance with bias
current in (a) normal and (b) reverse DDR diode for different
doping concentrations of n*-layer and p*-buffer layer

at higher bias current; therefore, the avalanche growth
rate will be significantly higher as higher bias currents.

The contact resistances at anode and cathode contacts
are calculated by using the exact field solution by follow-
ing the method prescribed by Zhang et al. [16]; the current
crowding and spreading resistance in the thin film con-
tacts are taken into consideration. The parasitic series
resistances due to the un-swept depletion layers are calcu-
lated by using the method proposed by the authors in
their earlier papers [17]; the said method takes into ac-
count the effect of depletion with modulation under large-
signal condition and the influence of skin effect at THz
frequencies. The total series resistance (Rs), resistance
due to p*-NVAu (Rp+Niaw) and n*-TVAVUTVAu (Rp+TyAVTI/AW)
contacts are calculated for different n*- and p*-doping
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concentrations (Nu+, Np+). The parameters Rs, Rp+Nyau and
Ru+myartiau versus Np+, Np+ plots for the normal and re-
verse DDR diodes are shown in Fig. 5a and Fig. 5b, re-
spectively. Also, the total series resistance of the normal
diodes for different n*- and p*-doping levels are plotted
against bias current (lo) in Fig. 6. It is noteworthy from
above-mentioned figures that the series resistance of the
normal DDR diodes is significantly higher as compared to
its reverse counterpart. Here, Rp+Niyau 1s the dominant
term in Rs, where Rs= Ra+ Rp++ Ru+ + Rp+Nuau + + Rn+
TyAUTYAu; Ra, Rp+ and Rn+ are the series resistances due to
un-swept depletion layers, p*- and n*-layers, respectively).
Since the area of the anode contact is very small in nor-
mal DDR diode, the value of Rp+Nvau becomes very high at
a particular value of Np+ Also, the specific contact resis-
tivity of p*-Ni/Au contact is much higher as compared to
that of n*-TY/AI/Ti/Au contact. As a result of that it is a
wise decision to provide much higher contact area to the
p*-Ni/Au contact in order to nullify the significantly high-
er specific contact resistivity of it. And this significantly
higher anode contact area is provided in the reverse DDR
diodes. As a result of that, a significantly lower Rs is
achieved in the reverse DDR diode as compared to its
normal counterpart.

5. CONCLUSIONS

It is revealed in the current study that IMPATT op-
eration is only possible in reverse GaN DDR structure
due to the lower value of series resistance of it as com-
pared to the normal GaN DDR structure; normal DDR
GaN IMPATT cannot be operational at THz regime.
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3acrocyBaHHA CTPYKTYPH 3i 3BOPOTHUM MOABIMHUM qpeidOM Ji BUTOTOBJIEHHS
GaN IMPATT gioxa, mio mpamiioe y TeparepeBomy giama3oHi
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KopucHicrs crpykTypu 31 3BopoTHOIO obsactio moasitiaoro apeiidy (DDR) Gysia BuBYeHa 11 BUTOTOB-
neunst IMPATT nmiona 3 miTpuay rasmito (GaN), mo mpaioe Ha yacrori 1,0 TT'n. s mepeBipkn MoxInBOC-
Tel CTPYKTYP 3 TpaaulliitHoo (HopMasbHoo) Ta 38opoTHo0 DDR y TeparepiioBomy miamas3oHi mpoBeIeHO MO-
JIeJIIOBAHHS CTATUYHUX Ta BEJIMKHUX CUTHAJIB. Bussieno, mo dyarmionysaauas GaN IMPATT nmioma mosk-
JINBe TUIBKU y CTPYKTYpl 31 3BoporHOB0 DDR uepes Ginbur Hu3bke 3HAYEHHS IIOCIIIOBHOTO OIIOPY B IIOPIB-
HsaHH] 31 crpykrypoio 3 HopmasisHoio DDR. GaN IMPATT mion 3 mHopmasnbaoio DDR He moske mparioBatu y
TepareprioBoMy giamasoni. OgHar paninie aBropu podpaxysaiu mociuimoBuumii omip GaN IMPATT niona 3
rpanuiitisoro DDR, npusravernoro nsst podoru Ha yactori 1,0 TT'. Boru He BpaxoByBaim cTpyM, 10 IpOTi-
Kae, Ta OIip PO3TIKAHHIO Ha OMIYHUX MeTajieBuX KoHTakTax. Came ToMy iX pe3ysbraTtu OyJIv IIOMUJIKOBUMU.
OTrprMaHi HUMH Pe3yJIbTATH J03BOJIAIOTH 3poouTy BUCHOBOK, 110 GaN IMPATT mion 3 Tpamuiiinoio DDR y
TeparepIioBOMy I1alla3oHl MOYKe CTBOPIOBATHU JOCTATHIN edeKTUBHUN HETaTUBHUH OIMIp, OCKLIBKK HOro IIoc-
JIIOBHUM OMIp 3aJIMIIAeTheA B miamasori 1,5-2,0 Om. Y miit crarti aBropu 3ampororysaau IMPATT crpyx-
Typy 31 3BopoTHOI0 DDR Bukmouno mis marepiamy GaN 1 TepareplioBoro aiamasoHy 4acToT. BUKOpHCTOBY-
I0YH ITI0 CTPYKTYPY 31 3BopotHOI0 DDR, p*-GaN ~ Ni/Au Moske 0TpuMAaTH JOCTATHIO ILJIOINLY KOHTAKTY, TAK IO
OIIip aHOIHOTO KOHTAKTY Oyae MiHiMizoBaHo. Po3pobiieHa aBTopaMu HeCHHYCOIIaIbHA MOIE/b BEJIUKOTO CH-
THaJIY, 10 30yPKYETHCS HAIIPYTOI0, 0yJia BUKOPUCTAHA JIJIA JTOCTIPKEHHS BJIACTUBOCTEHM CTATUYHUX (TIOCTiH-
HUX) 1 BEJIMKUX CUTHAJIB CTPYKTYP 3 Tpaguiiiiaoo ta 3BoporHoio DDR nHa wacrori 1,0 TT'n. e mocmimkenns
BIIIKPHUBA€E HOBUH TOPHU30OHT JJIs BYUCHHUX 1 JIOCIITHUKIB Y TEPATrePI[OBOMY J1aITa30Hi.

Knrouogi ciosa: O6sracts noasiitaoro npetigy (DDR), GaN, IMPATT, 3soporaa DDR, Teparepiiosuii.
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