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ABSTRACT

By using multi-probe Hall devices, we characterized electrical properties of AlGaN/GaN heterostructures under Ohmic metals. The characteriza-
tion makes it possible to evaluate the sheet resistance, the sheet electron concentration, and the electron mobility of AIGaN/GaN heterostructures
after Ohmic contact formation, by analyzing the voltage and current distribution based on a transmission line model. As a result, we find a
decrease in the sheet resistance under an Ohmic metal with a decrease in the specific Ohmic contact resistivity, attributed to significant increase
in the sheet electron concentration. The high sheet electron concentration indicates a parallel conduction in the AlGaN and GaN layers, caused
by a high doping concentration of the near-surface AlGaN =2 x 10 cm~3, which leads to an Ohmic contact dominated by field-emission.
Moreover, it is suggested that polarization doping induced by a strain in the AlGaN layer has a contribution to the high doping concentration.
Multi-probe Hall devices provide a useful method to characterize electrical properties of semiconductors under Ohmic metals.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054553

For all kinds of semiconductor devices, formation of Ohmic con-
tacts is a key technological element. In general, electrical properties of
semiconductors are modified by formation of Ohmic contacts; the
sheet resistance pg, the sheet electron concentration 7, and the elec-
tron mobility u; under the formed Ohmic metal are different from
those before the Ohmic contact formation, pg,, 15, and p,. Electrical
characterization of the semiconductor under the formed Ohmic metal
is not straightforward, because a measurement current is distributed
both in the semiconductor and the Ohmic metal. In order to evaluate
the sheet resistance pg, the end contact resistance method has been
developed and employed for Si-based,’ GaAs-based,”” GaN-based,””’
and graphene-based'”'" devices. Moreover, the floating contact resis-
tance method, which is theoretically equivalent to the end contact
resistance method, has also been employed for GaAs-based'” and InP-
based' ™" devices. However, these methods cannot measure the sheet
electron concentration n, and the electron mobility pi, which are very
important information of the electrical properties of semiconductors
under Ohmic metals.

There have been many attempts to obtain good Ohmic contacts
to wide-gap GaN-based materials."” For AlGaN/GaN heterostructures,

many kinds of Ohmic metal structures, such as Ti/Al-based'°** or

Ta/Al-based' " multilayers, have been investigated, where an Ohmic
contact through the AlGaN energy barrier is formed by an electrical
coupling between the surface Ohmic metal and the underlying two
dimensional electron gas (2DEG) channel in the AIGaN/GaN hetero-
structure, usually achieved by the annealing process after the surface
metal deposition. In order to elucidate how the coupling occurs, it is
important to characterize the electrical properties of the AlIGaN/GaN
heterostructures under Ohmic metals. While it was suggested that the
electrical properties are modified by the annealing process,” ** the
end contact resistance method clearly showed that the sheet resistance
P of AlGaN/GaN heterostructures after Ohmic contact formation
decreases in comparison with pg, before Ohmic contact formation.”
On the other hand, as pointed above, the sheet electron concentration
15 and the electron mobility 1, of AlIGaN/GaN heterostructures under
Ohmic metals have not been measured.

In this work, for AlIGaN/GaN heterostructures under Ohmic
metals, in order to evaluate the sheet electron concentration 7, and the
electron mobility y,, as well as the sheet resistance pg, we fabricated
multi-probe Hall devices for electrical characterization. By analyzing
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FIG. 1. The schematic top view of multi-probe Hall devices: (a) sample A and (b) samples B-D. (c) The optical image of the resist pattern for device isolation.

the voltage and current distribution based on a transmission line
model, we find that, a decrease in py under an Ohmic metal with a
decrease in the specific Ohmic contact resistivity is attributed to a sig-
nificant increase in n;. We also employed the floating contact resis-
tance method, which has not been applied to GaN-based devices
previously. Concerning the sheet resistance pg, and the specific contact
resistivity p,, the results of the multi-probe Hall devices are consistent
with the floating contact resistances. It should be noted that the float-
ing contact resistance method cannot characterize the sheet electron
concentration #, and the electron mobility z, which can be evaluated
by the multi-probe Hall devices. The high sheet electron concentration
ns indicates a parallel conduction in the AlGaN and GaN layers,
caused by a high doping concentration of the near-surface AlIGaN
=2 x 10" cm ™3, which leads to an Ohmic contact dominated by
field-emission. The obtained results suggest that polarization doping
induced by a strain in the AlGaN layer has a contribution to the high
doping concentration.

Using an undoped-Alj ;4Gag 76N (20 nm)/GaN (3000 nm) heter-
ostructure, where no AIN spacer is employed, with pg, ~ 530 Q/[],
nso ~ 8 X 1012 cm™2, and g ~ 1500 cm?/V-s, grown by metal-
organic chemical vapor deposition on sapphire (0001), we fabricated
four types of multi-probe Hall devices, shown in Figs. 1(a) (sample A)
and 1(b) (samples B, C, and D). Using a resist pattern shown in Fig.
1(c), the channel regions with a width of W = 20 um were defined by
ion implantation-based device isolation. According to the x—y coordi-
nates shown in Fig. 1 with the origin at the center of the channel, the
channel region is —320 < x < 4320 um and —10 < y < +10 um.
The devices have a pair of current injection electrodes, and 31 pairs of
voltage probe electrodes with an arm width of 2 yum. The more num-
ber of voltage probe electrodes there are, the more accurate voltage dis-
tribution can be measured. The employed number of the voltage
probe electrodes is sufficient to measure the voltage distribution pre-
cisely as shown later. While the channel is not covered by a metal for
sample A (w/o metal) as shown in Fig. 1(a), for samples B, C, and D,

as shown in Fig. 1(b), Ti/Al/Ti/Au metals with a length of L = 200 um
and a width of W = 20 um were formed on the channels; the metal
region is —100 < x < 4100 yum and —10 < y < 410 um. For sam-
ple B, annealing was not carried out, and thus no Ohmic contact is
formed between the Ti/Al/Ti/Au metal and the AlIGaN/GaN semicon-
ductor (no Ohmic). On the other hand, the Ohmic contact resistance
R. is ~3 Q@ mm for sample C (higher Ohmic) and =<1 Q mm for sam-
ple D (lower Ohmic), obtained by different low-temperature annealing
processes at <600 °C. Simultaneously, we fabricated floating contact
resistors'* on the same chip for samples B, C, and D. Applying mea-
surement current densities —15 < Jo < +15mA/mm through the
current injection electrodes, we measured the voltage drops by using
the voltage probe electrodes; as defined in Fig. 1, we obtained Vi (x)
for no magnetic field B=0 and Vy(x) for a magnetic field B=0.32 T
as a function of the position x.

In order to analyze the measured voltages Vi (x) and Vy(x) of
the multi-probe Hall devices, the AIGaN/GaN semiconductor with the
Ohmic metal (—L/2<x<+L/2 and —W/2 <y <+W/2) is
described by a transmission line model shown in Fig. 2, which gives

x=L2

GaN s j Psk
S

FIG. 2. A transmission line model of the AlGaN/GaN semiconductor with the Ohmic
metal.
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where V(x, y) and Vi, (x, y) are the electrical potentials, j, and j,, are
the current densities [in the unit of (A/mm)], py and p,, are the sheet
resistances, i and i, are the electron mobilities, in the semiconduc-
tor and the metal, respectively, and p,. is the specific contact resistivity
between the semiconductor and the metal. For B=0, Egs. (1)-(3) can
be solved by the boundary conditions of dV/dx|,_ ./, = —paJo
and dVi,/dx|,_ . ;/, = 0,leading to

Pao ( sinh(y,x) )
Vx=st,tW - —_—-— mx_l_si
W) = s W = o P P oL /2)
(4)
and
. Jo ( cosh(yox) >
X)=—""" m + N 1T A ) (5)
JS( ) psk+pm g kaOSh(’YOL/Z)

where 7y = \/(pg + Pm)/Pe. On the other hand, for B # 0, we

obtain

Vi (x) = Vi(x, +W/2) — Vi(x, =W /2),

uBWopy [ —  — cosh(yox)
= —— | Pm Psk 77 7 A\
P+ P cosh(y,L/2)
+ higher-order terms, (6)

where the higher-order terms are given by hyperbolic functions
cosh(k,x) and cosh(i,x) with k, =nn/W, K, =/y;+ Kk
(n=1,3,...), and 75 = \/(Py + Pm)/pc" Since the hyperbolic

function terms are negligible at x = 0 for sufficiently large L, we find

Vi (0) _ 1
]S(O)BW = UsPsk = qns ) (7)

where q is the electron charge. This shows that we can measure the
sheet electron concentration ng and the electron mobility y of the
AlGaN/GaN semiconductor under the Ohmic metal.

Figure 3 shows the measured Vi (x)/Jy of the multi-probe Hall
devices. As shown in the inset of Fig. 3, the linear behavior for samples A
and B is observed because of no Ohmic contact, giving pg, ~ 530 Q/[]
for sample A and py ~ 540 Q/[] for sample B. This indicates that
the sheet resistance is almost unchanged by the metal deposition
without annealing. For samples C and D, as shown in Fig. 3, we can
obtain good fitting using (4), which gives pg = (400 * 20) Q/[] and
p. = (1.7 £0.1) x 107* Qcm? for sample C, py = (330 +40) Q/J
and p. = (2.6 = 0.4) x 107> Qcm? for sample D, and p,, ~ 2Q/[].

scitation.org/journal/apl
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FIG. 3. The measured Vi /J, for samples C and D as a function of the position
—100 < x < 4100 um with the fitting curves. The inset: the measured Vi /Jy for
samples A-D as a function of the position —300 < x < 4300 um.

We find that pg decreases with a decrease in p.. We also carried out
measurements of the floating contact resistance R¢., which is defined in
the inset of Fig. 4, and given by

Re. — PsiLtc ( tanh(yOLfc/Z))
fc = m sk
Psk + Pm VOLfc/z

as a function of the floating contact length Lg..'* Figure 4 shows the
measured Rg as a function of L with the curves using the results
obtained by the multi-probe Hall devices. While sample B of course
shows linear behavior (the inset), samples C and D show nonlinear
one in good agreement with the curves; the multi-probe Hall measure-
ment results are consistent with the floating contact resistances.

®)

12 r r
150 . =2-200
— | B: no Ohmic e
10 }Et100
S 2 3 8
5 _0:4350 3; A 7 3;
08 so 70050200250 Ric = (Va— V) / o

fc [HM.

C: higher Ohmic

D: lower Ohmic

10° 10’ 10? 10°
Floating contact length L, [um]

Floating contact resistance R, [@mm]
(o]

FIG. 4. The measured floating contact resistance Ry for samples C and D as a
function of the floating contact length L, with the curves using the results obtained
by the multi-probe Hall devices. The left inset: Ry, for sample B as a function of L.
The right inset: the configuration of the floating contact resistors.
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FIG. 5. The measured Vj for B = 0.32T as a function of the position x with the fit-
ting curves.

Figure 5 shows the measured Vy(x)/Jo for B=0.32 T. We of
course observe constant behavior for samples A and B due to no
Ohmic contact, giving ng and p, for sample A and n, and g for sam-
ple B. For samples C and D, we can obtain good fitting using (6), and
ns and g determined by (7). The obtained properties are summarized
in Table I. While n, and p for sample B are unchanged from g, and
Ugo> we find that, with a decrease in p, n; significantly increases; the
decrease in py is due to the increase in n,. In particular, sample D,
lower Ohmic, exhibits a high sheet electron concentration of
~5.5 x 10" cm™2, suggesting that high doping takes place in the
semiconductor under the Ohmic metal.

Figure 6 shows the relation between the measured sheet electron
concentration and the electron mobility, #, and p, and also ny and
Ugo- The curve in Fig. 6 shows the theoretical relation of the sheet elec-
tron concentration and the electron mobility in the 2DEG channel,
where polar optical phonon (PO),” interface roughness (IR),”* bar-
rier alloy (BA),”” and interface charge I1cy” scatterings are taking into
account to reproduce the results for samples A and B. Above the mid
102 cm ™2 of n,, the dominant scattering mechanisms are PO (leading
to a mobility ~n;'/3), IR (~n_2), and BA (~n_2), which, respectively,
give ~2000, ~6000, and ~15000 cm?/V-s for ng ~ 1 x 10" cm 2.
The theoretical curve is shown up to the sheet electron concentration
of ~1.3 x 10" cm~2, which is the maximum value in the 2DEG chan-

scitation.org/journal/apl
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FIG. 6. The relation between the measured sheet electron concentration and the
electron mobility. The curve shows the theoretical relation for the 2DEG channel
(up to the maximum sheet electron concentration without a parallel conduction
~1.3 x 10 cm~2), considering polar optical phonon, interface roughness, barrier
alloy, and interface charge scatterings.

sample D, and thus a doping concentration Np, of the 20 nm thickness
AlGaN layer is >3.5 x 10'® cm™* for sample C and >2 x 10" cm™
for sample D.

The estimation of Np suggests that, around room temperature
T ~ 300K, the conduction between the Ohmic metal and the semicon-
ductor is dominated by thermionic field emission (TFE) for sample C
(higher Ohmic) and field emission (FE) for sample D (lower Ohmic),
according to the following criteria using Eog = gfi\/Np/m*&s/2 (h, the
Dirac constant; m*, the semiconductor electron effective mass; and &,
the semiconductor dielectric constant);”"”* kg T > 2Ey/ In (4@ /Er)
for TFE and ks T < 2Eg /[In (4@ /Eg) + (2Eq/Ex)"/?] for FE, where
kg is the Boltzmann constant, ®p is the barrier height, and E is the
semiconductor Fermi energy. In order to confirm the conduction mech-
anisms, we measured the temperature dependence of p. obtained from
the floating contact resistances. Figure 7 shows the measured p. for
samples C and D as a function of temperature with fitting curves. For
the fitting, we employed the following models of TFE for sample C and
FE for sample D™

k}23 cosh (Eoo /kB T) coth (Eoo /kB T)

nel without a parallel cgnduftzlop in the AlGaN layer. For sample§ C CTFE A*q\/n(®5 + Er)Eoo

and D, ng > 1.3 x 10 cm™* indicates that a parallel conduction e+ E E

takes place in the AlGaN layer; it is suggested that the AlGaN layer has X exp (L — _F> )
electrons of ~7 x 102 cm~2 for sample C and ~4 x 10"* cm~2 for Egocoth(Eoo/ksT)  ksT

TABLE . Summary of the electrical properties obtained by multi-probe Hall device measurements.

Sample pan (@/00) ng0 (10'° cm™?) Hso (cm?/V-s)
A: w/o metal 530 0.77 1530
Sample pe (107> Qem?) pa (Q/00) ns (10" cm™2) U (cm?/V-s)
B: no Ohmic 540 0.73 1570

C: higher Ohmic 17x1 400 =20 20=*0.1 800 = 30
D: lower Ohmic 2604 330 =40 55*0.7 350 =20
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FIG. 7. The measured specific contact resistivity p for samples C and D as a func-
tion of temperature T with the fitting curves.

and

—1
A*nqT . —Op A*q . —Op CE
= |——————ep| =) ——5ex —
Pere kB sin (TCCkB T) b EOO Ck}Z; P EOO F ’

(10)

where ¢ = 1/2Ey In (4®p/Eg) and A* is the Richardson constant.
We find that the measured p. is well-fitted by the TFE model for
sample C, and the FE model for sample D, where the fittings
give Np ~ 7.2 x 10¥cm™ and ®p ~ 0.65 eV for sample C, and
Np ~ 2.2 x 10” cm™3 and @3 ~ 0.40 eV for sample D.

Based on the above Np and ®p, by wusing the
Poisson-Schrodinger calculation, we obtained the band diagram of the
AlGaN/GaN heterostructures under the Ohmic metal. For the calcula-
tion, we tentatively assumed an exponentially decaying doping con-
centration Ny exp (—z/¢), which coincides the above-obtained Np, at
the edge of the depletion layer, where z is the distance from the surface
and ¢ is the characteristic length. If we set Ny = 1.4 x 10" cm ™2 with
¢=12nm for sample C and Ny = 2.7 x 10" cm~* with ¢ =20nm
for sample D, the measurement results of the multi-probe Hall devices
are well-reproduced. Figure 8 shows the band diagram for sample D,
exhibiting a parallel conduction in the AlGaN and GaN layers. In gen-
eral, for a system with a parallel conduction, the Hall measurement
results should be™* **

2
Mt \ 2 ng 2B
<Z 1+ uiBZ) * (Z 1+ ;B

k k
ﬂkM2
2t ew
(> u) S Y e
~KE T k ~ K .y
anﬂi ns an,uk
k k

where k represents a parallel conduction channel index, and the
approximation is valid for the low-magnetic-field limit. Owing to the

S

and p, =
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FIG. 8. The calculated band diagram of the AlGaN/GaN heterostructures under the
Ohmic metal for sample D. The inset: the theoretical ionized impurity scattering
mobility in AIGaN as a function of the doping concentration Np, for the zero com-
pensation ratio. The estimated AlGaN mobilities are given by the solid circles.

measurements using B=0.32 T, we can utilize the low-magnetic-field
approximation, while the magnetic field and temperature dependent
measurements are useful to investigate the parallel conduction.”
Using the mobility in the GaN layer of ~850 cm?/V-s for sample C
and ~450 cm?/V-s for sample D, the extrapolated 2DEG mobility
based on the curve in Fig. 6, the electron mobility in the AlGaN layer
is estimated to be ~400 cm? /V-s for sample C and ~300 cm?/V-s for
sample D.

There are several possible origins of the doping in the AlGaN
layer after Ohmic contact formation, such as donor doping by nitro-
gen vacancies'® or diffused metal atoms,'” and also polarization dop-
ing”” induced by a strain due to the Ohmic metal. For the donor
doping, the dominant scattering mechanisms are ionized impurity (II)
scattering'’ and bulk alloy scattering." The inset of Fig. 8 shows the
theoretical II scattering mobility in the AlGaN as a function of Np, for
the zero compensation ratio 0 = Na/Np (N4, the acceptor concentra-
tion),"” in comparison with the above-obtained AlGaN mobility. Even
in the case of zero compensation ratio, the II scattering mobility is
<200cm?/V-s at Np =7.2x 10¥em™ and <150cm?/V-s at
Np = 2.2 x 10" cm™3, which is rather low in comparison with the
experimentally obtained mobility; the experimental results cannot be
explained only by donor doping. On the other hand, polarization dop-
ing can give a high mobility even for high-density doping, owing to
the absence of IT scattering,**** Therefore, it is suggested that polariza-
tion doping induced by a strain in the AlGaN layer has a contribution
to the high doping concentration. In order to elucidate the origins of
the doping, material analyses for characterization of the microstruc-
ture and the strain under the Ohmic metal will be useful.

In summary, by using multi-probe Hall devices, we characterized
the electrical properties of the AlGaN/GaN heterostructures under the
Ohmic metals. We find a decrease in the sheet resistance with a
decrease in the Ohmic contact resistance, attributed to a significant
increase in the sheet electron concentration due to high doping in the
AlGaN layer, leading to an Ohmic contact dominated by field-
emission. Moreover, it is suggested that polarization doping in the
AlGaN layer has a contribution to the high doping concentration.
Multi-probe Hall devices realize characterization of the sheet electron
concentration and the electron mobility, as well as the sheet resistance,
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providing a useful method to characterize electrical properties of semi-
conductors under Ohmic metals.

DATA AVAILABILITY

The data that support the findings of this study are available
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