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Low-frequency noise in AITiO/AlGaN/GaN
metal-insulator-semiconductor field-effect transistors with

non-gate-recessed or partially-gate-recessed structures

Duong Dai Nguyen, Yuchen Deng, and Toshi-kazu Suzuki*
Center for Nano Materials and Technology,
Japan Advanced Institute of Science and Technology (JAIST),
1-1 Asahidai, Nomi, Ishikawa 923-1292, JAPAN
(Dated: July 14, 2023)

Abstract

We have systematically investigated low-frequency noise (LFN) inpAITiO/AlGaN/GaN metal-
insulator-semiconductor field-effect transistors (MIS-FETs) with non-gate-recessed or partially-
gate-recessed structures, where gate insulators using AITiO, am,alloy of AloO3 and TiOs9, are
obtained by atomic layer deposition. For drain curremt, LEN, we find pure 1/f spectra for the
well-above-threshold regime, and superposition of 1/ ffand Lo?entzian spectra near the threshold
voltage. The Hooge parameters are evaluated from theil/f contribution and found to be inde-
pendent of the AITiO thickness. However, the remaining AlGaN thickness strongly affects the
Hooge parameter near the threshold veltage; insthe low channel electron concentration regime of
the partially-gate-recessed FETs, a smaller remaining AlGaN thickness gives a larger Hooge pa-
rameter proportional to the inverse of the electron concentration, indicating that channel electron
number fluctuation dominates the Hooge parameter. We consider that the channel electron number
fluctuation is caused by electron’ traps introduced by the recess etching process in the remaining
AlGaN. On the otherhénd, the Lerentzian spectra give specific time constants almost indepen-
dent of the AITiO thicknessrand,the remaining AlGaN thickness, corresponding to trap depths of
0.6-0.8 eV. This gan be attributed to traps in AITiO near the AITiO/AlGaN interface.

* Authorsto whom correspondence should be addressed; electronic mail: tosikazu@jaist.ac.jp
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I. INTRODUCTION

For high-speed and high-power applications, GaN-based metal-insulator-semiconductor
field-effect transistors (MIS-FETSs) have been extensively investigated using various gate.in-
sulators, such as high-dielectric-constant (high-k) oxides Al,O3 [1], HfOy [2, 3], TiOg [4],
AlSiO [5, 6], AITiO [7-12], high-k oxynitrides TaON [13], AION [14],“and high-k nitrides
BN [15, 16], AIN [17-21]. In particular, AL, Ti,O (AlTiO), an alloy of AlO5 and, TiO,, iy an
important insulator, because it can be applied to dielectric constant engineering, energy gap
engineering, and interface charge engineering [11]. Previously, we reported nermally-off oper-
ations in partially-gate-recessed AITiO/AlGaN/GaN MIS-FETsdising gate insulators AITiO
with a rather thick remaining AlGaN thickness [12]. However, forgate-recessed AlGaN/GaN
MIS-FETs, in addition to the problem of device instability [22y 23}, low-frequency noise
(LFN) will be enhanced [24-28], influenced by the insulatoritself and the insulator/etched-
semiconductor interface. Although several studies have shown that enhancement in LFN is
ascribed to the channel mobility degradation/flugtuation in the partially-gate-recessed [24]
and the fully-gate-recessed AlGaN/GaN MIS-FETs [25—2%], the underlying physics is not
clear. Moreover, in addition to 1/f LFN gpectra [21529-34], Lorentzian LEN spectra are
sometimes observed [7, 35-41], which are strongly related to the insulator materials and
the device fabrication processes. Thus;"EN characterization is an important diagnosis for
gate-recessed AlGaN/GaN MIS-FETs.

In this study, we systematicallysinvestigated LFN in AITiO/AlGaN/GaN MIS-FETs with
non-gate-recessed or partiallytgate-recessed structures, using an Al,Ti,O (z/(z+y) = 0.73,
energy gap E, ~ 6 eV, dielectrie constant k ~ 14) gate insulator obtained by atomic layer
deposition (ALD) [7, 9, 11,,12]. For drain current LEN, we find pure 1/ f spectra for the well-
above-threshold regimeyand superposition of 1/f and Lorentzian spectra near the threshold
voltage. The Hooge parameters are evaluated from the 1/ f contribution and found to be in-
dependent of the AlTiO thickness. However, the remaining A1GaN thickness strongly affects
the Hooge parameter-near the threshold voltage; in the low channel electron concentration
regime of«the partially-gate-recessed FETSs, a smaller remaining AlGaN thickness gives a
larger Hooge parameter. We consider that this is owing to electron traps introduced by the
recgss etching'process in the remaining AlIGaN. On the other hand, the Lorentzian spectra

givesspecifie time constants almost independent of the AITiO thickness and the remaining
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AlGaN thickness, corresponding to trap depths of 0.6-0.8 eV. Since the gate leakage cur-
rents are dominated by Poole-Frenkel mechanism due to traps with the similar depth in
AITiO, we consider that the Lorentzian spectra are attributed to traps in AITiO miear the
AITiO/AlGaN interface.

II. DEVICE FABRICATION AND CHARACTERISTICS

The fabrication of the non-gate-recessed and partially-gate-recessed AITiO /AlGaN /GaN
MIS devices, MIS-FETs and MIS-capacitors, started from an\ Aly24Gag7gN
(20 nm)/GaN(3 pm) heterostructure on sapphire(0001), dollowedwby Ti/Al/Ti/Au
Ohmic electrode formation. For gate recess process, the AlGaNtlayer was etched by using
electron cyclotron resonance nitrogen plasma, with the radio frequency power of 100 W,
the acceleration voltage of 100 V, and the ion beam current,density of 0.3 mA/cm?. The
etching rate was ~ 1.2 nm/minute and the etching depths were ~ 9 nm and ~ 15 nm (i.e.,
the remaining AlGaN thickness dajgan ~ 11 nmrand 2.5 nm, respectively), as measured
by atomic force microscopy. After etched-AlGaN surface? cleaning by acetone, methanol,
oxygen plasma ashing, and a TMAH-diluted solution'to remove oxide and oxygen-related
molecules, Al,Ti,O (z/(z +y) = 0.73, E; ~ 6V, k ~ 14) gate insulators with several
thicknesses (datio = 26,18, and 11 nm)ywere formed by ALD at 130 °C using TMA
(trimethylaluminum), TDMAT (tetrakis-dimethylamino titanium), and water [7, 9, 11, 12],
followed by post-deposition annealing at 350 °C in Hs-mixed Ar. After necessary device
isolation by BT ion implantation, Ni/Au gate electrodes were formed. Finally, post-gate
annealing at 400 °C in Ngfcompléted the device fabrication. Figure 1(a) and (b) show the
device dimension of the nonérecessed and partially-recessed MIS-FETS, respectively. In the
latter, the recessed gate,of length Lrg = 2 um is overlapped by the total gate of length
Lg = 2.5 pm. The source-drain distance is 5 pum, and the gate width is W = 50 pm.
Figure 1(c) and (d),show the device dimension of the non-recessed and partially-recessed
MIS-capacitors, fespectively, where the recessed area Srg = 70? um? is overlapped by the
total gaterarea Sg.= 752 pm?, which is surrounded by the Ohmic electrodes.

Basic characteristics were obtained for each device. Figure 2(a) and (b) are output and
transfer characteristics for a non-recessed FET (dajgan = 20 nm, dajtio = 26 nm), respec-

tively, where Ip is the drain current, I is the gate current, and g, is the transconductance,
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which are normalized by the gate width W and shown on the vertical axes. Fig. 2(c) and
(d) are for a partially-recessed FET (dajgan ~ 11 nm, dajrio = 26 nm). Figure 3(a) and
(b) show capacitance-voltage (C-V') characteristics at 1 MHz of a non-recessed eapacitor
(dagan = 20 nm, dario = 26 nm) and a partially-recessed capacitor (dajgan=2nll nmyg
datio = 26 nm), respectively. The total electron number N under the gatenis calculated
by integration of C' as a function of Vi, which is plotted in the same figure. The thresh-
old voltage Vi, can be determined by the N-V( relation. For the non:recessed eapacitors,
Vin is determined by simple linear fitting with ¢N ~ C(Vo — Vin) (gethe electron charge)
for Vo > Vi, as in Fig. 3(a). On the other hand, since the recessed capacitors have the
recessed area with the threshold voltage V4, and the non-recessed area with the threshold
voltage Vino < Vin, we obtain two lines ¢ N ~ Cp, (Vg — Vo) for Vo < Vo < Vi and
gN ~ Cy,(Vg — Vino) + Ci (Vo — Vi) for Vg > Vi, as in Eig. 3(b). Thus, the recessed device
threshold voltage V;y, is determined by the intersectionspeint of the two lines [12].

III. LOW-FREQUENCY NOISE CHARACTERIZA?ION

The LFN measurement system consists ofia shielded'‘chamber for probe station, a battery-
driven low-noise preamplifier (LNA, Stanford SR570), a dynamic signal analyzer (Agilent
35670A), and an RC passive low-pass filter (LPF). For measuring LFN in the MIS-FETSs,
the source is grounded, the drain is applied, with a DC bias voltage and a DC offset current
by the battery-driven LNA, and the gate is connected to a parameter analyzer through
the LPF with a cut-off frequency ~"0.05 Hz to eliminate the noise from the parameter
analyzer [7, 21, 42]. The séhematierof the LEN measurement setup is shown in Fig. 4. We
measured LEN for each AITiO/AlGaN/GaN MIS-FET in the linear regime for a frequency
range f = 0.1-10° Hz. In Fig. 5, we show examples of the measurement results of the drain
current noise powér spectral density (PSD) normalized by the drain current square, Sy, /I3.
In the well-above-threshold regime Vo — Vi, 2 3 V, pure 1/f LFN spectra [43]
are observed, where A is a prefactor. On the other hand, near the threshold voltage, we find

superposition.of 1/f and Lorentzian spectra given by

Sy, A B

BT TR 2
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where B is a prefactor and 7 is a time constant for the Lorentzian spectra. Since A and
B respectively characterize the intensity of 1/f and Lorentzian noise, it is important to
extract them from the measured spectra. We carried out fitting of Sy, /I3 using/Eq. (2),
which includes Eq. (1) as a special case of B = 0. Figure 6 shows examples of«theyfitting;
where a current PSD in the well-above threshold regime is fitted by Eq. (2)aswith B 2 0,
whereas a current PSD near the threshold voltage is well-fitted by Eq. (2)ewith B#0.
From the fittings, we obtain A for all the spectra. In order to analyze A,we should
consider the contributions from each region of the FETs. The on-resistance R, for the

non-recessed FETSs is given by
Ron - 2-Rc + Rac + Rnr - Rext + Rnh (3)

where R, is the Ohmic contact resistance, R, is the resistance of.the access region (total
length L,. = 2.5 pm), R, is the resistance of the nonsrecessed gated region (length Lg =
2.5 pm). For the partially-recessed FETS, the on-resistance isigiven by

Ron - 2RC + Rac + Rnr + Rr y Rext ‘- Rnr + RI‘J (4)

where R, is the resistance of the non-recessed gated region (total length Lg— Lrg = 0.5 um)
and R, is the resistance of the partially-recessed gated region (length Lrg = 2 um). As a

result, we obtain

R? R?
A= Acxi Re;t + A R;lr (non-recessed FET)
2 D2 2 (5)
R - R R
A=A =2 L A, 2=+ A = (partially-recessed FET).

RS, o B2, & RE,

Aext 1 the factor for the PSD generated by the external region, the Ohmic contact resistance
and the access region, whichisimdependent of V. A, is the factor for the non-recessed gated
region depending ofi W forrthe non-recessed FETs. A, and A, are the factors for the non-
recessed gated and the regessed gated regions for the partially-recessed FETSs, respectively,
which also dépend on V. In order to determine the external factor Ay, we measured LEN
in the ungated/mon-recessed two-terminal devices, whose structure is shown in the inset of
Fig. 7(4). Figure 7(b) shows A. = S7f/I? as a function of the access length L, where

Aqxpecan be fitted with a decreasing function of L as in the previous report [21], because

RZ
Aext = 2ACRTC + A

ext

R2,  2A.R2+ A R:.
“RZ,  (2Rc+ Ru)?

(6)
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holds and the L dependence comes from R,. o L and A,. « 1/L (inversely proportional
to the system size). For our FETSs, since the access length is L,. = 2.5 pum, we obtain
Age ~ 4 x 1071, from which we can determine A,, depending on Vi for the nonstecessed
FETs. Additionally, the length of non-recessed gated region in the partially-recessed. FELs
is Lg — Lrg = 0.5 pum, which is one-fifth of the length of non-recessed gatediregion in the
non-recessed FETs (Lg = 2.5 um). Hence, we obtain R., = Ry, /5 and Aw = 5A As a
result, we can extract A,. In Fig. 8, A, and A, are plotted as functions of V= V. We
find that A,, and A, increase for low Vg — V4;,, and approach constamts at higher Vg — V..

The effective Hooge parameters ay in the intrinsic region can he evaluated by [43]
~

ag = AN = ApngLeW (non-recessed FET) 7

og = AN = AingLreW (partially-recessed FET), (
where ng is the sheet electron concentration in the intrinsic region, which can be calculated
from the electron number obtained by the C-V' characteristiess, Figure 9(a) and (b) plot ay
as functions of Vg — Vi, for the non-recessed EETsrandythe partially-recessed FETs. We
find that oy is independent of the AITiO thickness/dbut strgngly dependent of the remaining
AlGaN layer; a smaller dajgan gives a largeriay, although ay seems to approach the same

constant at high Vg — Vi,. We evaluate ag as afunction of ng for each FET in Fig. 10.

We find that for ng < 2 x 10" cm™2, an'eang! for the partially-recessed FETs, whereas

~Y

ag is weakly dependent on ng for the nonsrecessed FETs. The behavior of ay oc ng! was

observed for example in Schottky FETs [44], and can be attributed to the electron number
fluctuation caused by electron traps. The trap density Dy can be estimated by the relation

21, 43, 45] 2
_ ksTDy
M (/) ®)

where f; and f;, aresthe lower, and higher limits of the 1/f spectrum, respectively. Thus,
we obtain Dy ~3 x 10™ and ~ 5 x 10'° cm™2 eV ™! for the partially-recessed FETs with
dagan =~ 5 and = 1lwnm, respectively. We consider that the recess etching process may
introduce electron traps in’the AlGaN layer, the longer the etching process is carried out,
the smaller the.remaining AlGaN thickness is, and the higher the trap density becomes.
This_might also explain the weak dependence of ay on ng for the non-recessed FETSs, since
the trap demsity is too low to have a pronounced effect as observed in the partially-recessed

FETSs.20On the other hand, at high ng, we observe a strong, universal increase in ay for all



Page 7 of 25

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SST-109600.R2

the FETs, which can be attributed to the fluctuation in the intrinsic gate voltage through
the extrinsic source resistance [21].

In general, Lorentzian LFN strongly depends on the gate insulator quality, suchias traps
[7, 21]. In the present case, from the fittings, we obtain the prefactor B and the time
constant 7 in Eq. (2) for all the FETs as shown in Fig. 11, where B and4r are plotted
as functions of Vg — Vi, It seems that B is almost independent of the£AlTiO thickness
and the remaining AlGaN thickness. Furthermore, B rapidly decreases with imcrease in
Ve — Vin and becomes negligible in the well-above threshold regime.«The extracted specific
time constant, 7 ~ 0.5 s, seems to be almost independent of Vg — V4, the AITiO thickness,
and the remaining AlGaN thickness. The time constant 7 corresponds*to'a trap level depth
FE, via

; 1 eEa/k‘BT’ (9)

UeNcUth

where o, is the electron capture cross-section, N. is(thereffective density of states in the
conduction band, vy, is the electron thermal velocity, and kg is'the Boltzmann constant. We
assume o, = 10719107 cm? for the traps in AITiOjthig is reasonable since ALD Al O
shows similar o, [46], while much smaller,o, was observed in SiN [47]. An electron effective
mass should be between m* = 0.3m, for 'AlOz [48] and m* = 30m, for TiOy [49]. Thus,
the trap depth can be estimated to.be F, ~0.6-0.8 eV. The fact that B and 7 are almost
independent of the remaining AlGaN thickness'and the AITiO thickness suggests that the
Lorentzian spectra are attribated to traps mrAlTiO near the AITiO/AlGaN interface.

IVv. COMPARISON WITH\POOLE-FRENKEL CURRENTS

Since the Poole-Erenkelanalysisis effective to examine the traps in A1TiO, we investigated
gate leakage currents ofithe MIS capacitors. Figure 12(a) and (b) show the gate leakage
current density J as a function of Vi at reverse bias at T' = 300-400 K for a non-recessed
capacitor (dygan =120 nim, dajTio = 26 nm) and a partially-recessed capacitor, (dajgan =
11 nm, daTip =26 11m); respectively. Leakage dominated by the Poole-Frenkel mechanism

is given by [50]

J
s = De POV P/ (mreo) (10)

where F' is the electric field in the AITiO insulators, 8 = 1/kgT, D is a constant, ¢ is the

trap levelddepth in the AITiO, k is related to the dielectric constant, and ¢y is the vacuum
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permittivity. The electric field can be evaluated by [7]

o AO-ins — qns

F= (11)

karrio€o
where Acj,s = s — 0gan 18 the difference between the fixed charge densityfeo,shat Al
TiO/AlGaN interface and the GaN polarization charge density ogan, and karioiis the insu-
lator dielectric constant. Based on measurements of MIS capacitors with‘several insulator
thicknesses and 1D Poisson-Schrodinger calculation [9, 11, 12], we find ghat Aogyj,ser 4 x 1012
and 2 x 10'? cm? for the non-recessed and partially-recessed capacitors, respectively. Fig-
ure 13(a) and (b) show J/F-/F relations for the non-recessed and partially-recessed ca-
pacitors, respectively, exhibiting the leakage dominated by the Peolé=Frenkel mechanism
according to Eq. (10) in the high field regime. From the fittings, we obtain D exp(—f¢) as a
function of 1/7, which is plotted in Fig. 13(c). The trapdevel depth in the AITiO insulator
is extracted to be ¢ ~ 0.6 eV, which is independent of theéxemaining AlGaN thickness as ex-
pected, and similar to the one obtained from the Leorentzian spectra. This suggests that the
traps in the AITiO insulator are responsible for/the Lorengzian LFN and the Poole-Frenkel
mechanism. It should be noted that the, Poole-Frenkel mechanism is caused by the whole
of the bulk traps in the AITiO insulator.”Onithe other hand, since the Lorentzian noise is
not influenced by the AITiO thickness and the eleetric field or the gate voltage, we consider
that the traps in AITiO contributing the Lorentzian noise are those near the AITiO/AlGaN
interface, where the trap density might be high.

V. CONCLUSION ~

We investigated, LEN"in AlTiO/AlGaN/GaN MIS-FETs with non-gate-recessed or
partially-gate-recesséd structures. From drain current LFN characterization, we find pure
1/f spectra for the wellsabove-threshold regime, and superposition of 1/f and Lorentzian
spectra near thesthreshold voltage. The Hooge parameters are evaluated from the 1/f con-
tribution and found to beindependent of the AITiO thickness, but strongly dependent of the
remaining AlGaNsthickness near the threshold voltage. The Hooge parameters are propor-
tional to the inverse of the channel electron concentration at low concentrations, dominated
by/the channel electron number fluctuation, which can be attributed to electron traps in-

trodueed by the recess etching process in the remaining AlGaN. On the other hand, the
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Lorentzian spectra are almost independent of the AITiO thickness and the remaining Al-

GaN thickness. Comparing with the gate leakage currents dominated by the Poole-Frenkel

mechanism due to traps in AITiO, we consider that the Lorentzian spectra are ibuted
to traps in AITiO near the AITiO/AlGaN interface.
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23 filter to eliminate the noise from the parameter analyzer.
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