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Influence of a deep-level-defect band formed in a heavily Mg-doped
GaN contact layer on the Ni/Au contact to p-GaN*
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The influence of a deep-level-defect (DLD) band formed in a heavily Mg-doped GaN contact layer on the performance
of Ni/Au contact to p-GaN is investigated. The thin heavily Mg-doped GaN (p™-GaN) contact layer with DLD band can
effectively improve the performance of Ni/Au ohmic contact to p-GaN. The temperature-dependent /-V measurement
shows that the variable-range hopping (VRH) transportation through the DLD band plays a dominant role in the ohmic
contact. The thickness and Mg/Ga flow ratio of p™-GaN contact layer have a significant effect on ohmic contact by
controlling the Mg impurity doping and the formation of a proper DLD band. When the thickness of the p*-GaN contact
layer is 25 nm thick and the Mg/Ga flow rate ratio is 10.29%, an ohmic contact with low specific contact resistivity of

6.97x10~* Q-cm? is achieved.
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1. Introduction

The III-V nitrides are receiving great attention as wide-
gap semiconductors for optoelectronic devices at the blue
and ultraviolet wavelengths, as well as for high-power and
high-temperature electronics.!'=3! High-quality Ohmic con-
tacts to n-GaN and p-GaN with a low resistivity are essen-
tial for lowering the operating voltage of GaN-based opto-
electronic devices. For n-type GaN, it is easy to obtain low-
resistivity Ohmic contact (with a specific contact resistivity
pe < 107® Q.cm?) by using Ti/Al, Ti/Au, and Ti/Al/Ti/Au
metal schemes.[*°] However, because of the difficulty in ob-
taining a high hole concentration and the absence of metals
having a work function higher than that of p-GaN, achiev-
ing low-resistivity Ohmic contacts to p-GaN has proved to be
more difficult. To date, there have been various attempts to re-
duce the contact resistivity, mainly focusing on the variations
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of metallization scheme, 78! alloying condition,!
treatment, 2! and contact layer. Currently, an excessively
Mg-doped contact layer has been widely used in GaN-based
semiconductors because of its good reproducibility, excellent
contact properties, and process simplicity.[1314]

We have found that a well processed metal Ni/Au alloy
coating is very important for the low-resistive Ohmic contact
on p-GaN. In this paper, we have investigated the dependence

of contact resistivity on the pt+-GaN contact layer with DLD
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band. It is shown that the growth conditions of the p*-GaN
contact layer play an important role in obtaining a low contact
resistivity between metal and p-type GaN by controlling the
density of the DLD band, which has to be optimized to greatly
improve ohmic contact performance between metal Ni/Au and
p-GaN.

2. Experimental methods

The GaN samples used in this study were grown by
metalorganic chemical vapor deposition (MOCVD) method
on (0001) sapphire substrates. Trimethyl-gallium, ammonia
(NH3), and bis-cyclopentadienylmagnesium (CP;Mg) were
used as the Ga, N, and Mg sources, respectively. The carrier
gas was Hy. A thin GaN nucleation layer was initially grown
on sapphire at 540 °C, followed by a 2-um-thick unintention-
ally doped GaN and 1-pum-thick moderately Mg-doped p-GaN
at 1060 °C. The concentration of Mg ([Mg]) in the moder-
ately Mg-doped GaN was about 7.2x10'® cm™3, which was
measured by using secondary ion mass spectroscopy (SIMS).
Then, a highly Mg-doped p™*-GaN layer was grown on the
surface of samples at a relatively low temperature of 920 °C.
At last, the Mg dopants were activated using rapid thermal an-
nealing.

Prior to metal deposition, the samples were etched with
HCI:H,O = 1:1 for 10 min to remove native oxides. The
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contact pads were determined by standard photolithographic
technique. The Ni (15 nm)/Au (50 nm) films were deposited
consecutively by using an electron beam evaporation sys-
tem. After rapid thermal annealing in an oxidizing atmosphere
(N2:0, =2:1) at 500 °C for 10 min, using RTP-300 with ther-
mocouple module to measure the annealing temperature, the
current—voltage (I-V) characteristics were measured at room
temperature using Keithley 2400 Sourcemeter with probes.
The specific contact resistivity (p.) was characterized by I-V
measurements based on the circular transmission line model
(CTLM)15:16] for samples patterned with a contact inner ra-
dius (r) of 200 um and spacing (d) between contacts ranging
from 15 to 60 pm.

3. Results and discussion

In order to obtain an ohmic contact to p-GaN, a thin heav-
ily Mg-doped GaN contact layer is applied in this work. At
room temperature, the CTLM /-V is measured for a p-GaN
sample, named Sample A, which has a 25-nm-thick heavily
Mg-doped GaN contact layer, grown at a flow ratio of 8.35%.
The Sample A shows a good ohmic contact performance with
a specific contact resistivity of 1.48x 1073 Q-cm? as obtained
from the CTLM /-V measurement. This representative Sam-
ple A is used to measure temperature-dependent CTLM -V
to study the carrier transport mechanism.
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Fig. 1. (color online) A semi-logarithmic plot of In(p,) versus 1000/T
for Sample A.

The carrier transport mechanism in the contact region of
this sample could be studied from the sheet resistivity of sam-
ples (pp) as a function of temperature according to the I-V-T

[417.18] where the resistivity pp(T') is derived

measurements,
from the sheet resistance, Rg,, of the sample obtained from the
temperature-dependent CTLM measurements. We try to show
an Arrhenius plot of In(pp) ~ 1/T for Sample A. It is found
that the Arrhenius plot of p, for Sample A shows a significant
deviation from the straight line, as shown in Fig. 1. It suggests
that in this sample with p™"-GaN contact layer, the conduc-
tion mechanism, in which the carriers are thermally activated

and jump over a certain metal/semiconductor energy barrier

(as in a normal Schottky barrier), is not the dominant one.
Instead, the metal contact to ultra-highly Mg-doped p-GaN
may be caused by variable-range hopping (VRH) conduc-
tion through the Mg-related deep-level defect (DLD) induced
band. Actually, the variable-range hopping model was first
proposed by Mott.!"! This model describes the conduction
in strongly disordered systems with localized charge-carrier
states, and the carrier’s hopping to a state with higher energy
is assumed to be a rate-limiting process. The probability of
hopping between two neighboring states depends on their spa-
tial separation and energy separation. If the VRH mechanism
is valid,!!! then p,, should follow a temperature dependence as
pp = exp(Ty/T)'/*, where Ty = 21.3 /kgNpaj, kg is the Boltz-
mann constant, Np is the concentration of DLDs, and a4 is the
localization length.

In order to check the conduction model, figure 2 is de-
picted to show a semi-logarithmic plot of In(pp) as a func-
tion of 7~!/4. Note that the semi-logarithmic In(p,) versus
T-1/4 curve for Sample A follows the straight line relation-
ship reasonably well across the entire temperature range of
140-320 K, as shown in Fig. 2. This constitutes essential ev-
idence for VRH conduction through the DLD band in Sample
A in the whole temperature range considered.
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Fig. 2. (color online) Semi-logarithmic In(p,) as a function of T-1/4

for Sample A. The inset shows the schematic energy band diagrams of
Ni/Au/p**-GaN/p-GaN.

It is known that in heavily Mg-doped p-GaN layer, [Mg],
i.e., the concentration of ionized Mg impurities, is limited by
the high acceptor activation energy and the possible cluster-
ing of Mg atoms, being much less than the total concentration
of Mg atoms. In fact, the excessive Mg will form the DLD
band, 729 which is schematically depicted in the energy dia-
gram of Fig. 2 (cyanine circles in the inset). As shown in the
inset of Fig. 2, the carriers will transport by the VRH conduc-
tion through the DLD band in Sample A. The height of the
barrier that the transported carriers should overcome during
the process is marked as ¢. It is understood that the DLD band
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near the metal-semiconductor interface is bent downwards be-
low the Fermi level with an energy separation of ¢, which is
much lower than the Schottky barrier height g, so the carriers
can transport much easier by the VRH conduction through the
DLD band, rather than jump over the Schottky barrier height.
That is to say, the dominant carrier transport mechanism in
Sample A and other samples with p™"-GaN contact layer is
VRH conduction through the DLD band, especially when the
concentration of Mg and the thickness of the p™*-GaN contact
layer are suitable to form a proper DLD band.

The influence of thickness of the p™"-GaN layer on the
performance of ohmic contact is studied next in detail. A se-
ries of samples named Sample A—G is examined in this ex-
periment with different p**-GaN thickness in the range from
12 nm to 36 nm. The thickness is determined by the growth
time. The other MOCVD growth conditions are the same
for these Samples. For example, the growth temperature of
MOCVD is fixed at 920 °C and the Mg/Ga flow rate ratio is
8.35%. For all these samples, if there is no other special in-
struction, the rapid thermal annealing for alloying is processed
in an oxidizing atmosphere at 550 °C for 10 min.

Figure 3 shows the result of CTLM /-V measurement for
the samples with different thickness of p™"-GaN layer when
the spacing d of the CTLM pattern is fixed as 30 um. As
shown in Fig. 3, when the thickness of the p™*-GaN layer is
in the range from 21 nm to 27 nm, the CTLM -V curves of
contact to p-GaN show a linear relationship very well. How-
ever, the linear characteristic degrades with the decreasing of
the layer thickness, in particular, the curves exhibit nonlin-
ear characteristics when the thickness of the p*-GaN layer is
thinner than 12 nm. Meanwhile, when the thickness of p* -
GaN layer is thicker than 36 nm, the CTLM [-V curves also
show nonlinear characteristics.
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Fig. 3. (color online) CTLM / — Vmeasurement at room temperature
for samples with different p* "-GaN thickness (Sample B: 12 nm, Sam-
ple C: 19 nm, Sample D: 21 nm, Sample E: 23 nm, Sample A: 25 nm,
Sample F: 27 nm, Sample G: 36 nm) when the spacing of the CTLM

pattern is fixed as 30 pm.

Figure 4 exhibits the specific contact resistivity (p.) as a
function of the thickness of the p™t-GaN layer in the range

from 19 nm to 27 nm. Even though all of these 5 samples, in-
cluding samples C and F, show linear characteristics in CTLM
I-V curves, the p. values are below 2x 1073 Q-cm? only for
Samples A, D, and E, as shown in Fig. 4. The p. values of
samples C and F are relatively high. It is concluded that the
optimal thickness of p*-GaN layer is in the range from 21 nm
to 25 nm.

-

S

b
T

/'\_

10*3 1 1 1 1
18 20 22 24 26 28

Thickness of pt+-GaN/nm

Specific contact resistivity /Q-cm—2

Fig. 4. Specific contact resistivity (p.) as a function of the thickness of
p™*-GaN contact layer.

As reported by Figge et al.,!! it was found that the con-
centration of Mg in the contact layer is not homogeneous. Be-
cause the Mg concentration in this layer is much higher than
that in the inner part of the p-GaN layer, the concentration
of Mg rises gradually along the growth direction up to the
surface. Thus, a certain thickness of the heavily Mg-doped
GaN layer is required for keeping the concentration of Mg
above the set value in the whole layer.!'8! Then the proper
DLD band can be produced,m] and thus the ohmic contact

14171 This may be the reason why

to p-GaN can be obtained.!
the samples B and C whose contact layers are very thin have
a non-ohmic contact. In fact, if the contact layer is thinner
than a certain thickness, for example, 21 nm for our samples,
the concentration of Mg does not reach the set value and is
too low to produce the DLD band, thus the contact quality is
low. On the other hand, because of the poor material quality
of the overly-thick heavily Mg-doped GaN layer, in general,
the thicker the ultra-heavily doped layer, the more the defects
and threading dislocation lines, then an increasing difficulty
for carriers to transport through DLD bands by variable range
hopping (VRH) conduction (which is assumed to be the dom-
inant mechanism for very heavily doped p-GaN) will result in
a degrading ohmic contact. In fact, the possibility for carriers
to be captured during VRH conduction will increase because
of poor material quality and a longer hopping distance. This
can explain why the current of Sample G in Fig. 3 is relatively
small. It is therefore concluded that the thickness of p™*-GaN
should be optimized. It should be thick enough to make the
concentration of Mg reach the required set value, and at the
same time it should be grown as thin as possible to make car-
rier transport easy.
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Table 1. Growth conditions of the p™ "-GaN layer for the samples used for the CTLM /-V measurements. The growth temperature of

the p*-GaN layer for these samples is 920 °C.

CpaMg flow rate

Flow rate ratio

Growth

Sample . 1 ) . pe/Q-cm?
/umol-min (Mg:Ga) thickness/nm
H 1.92 6.44% 25 5.86x1073
E 2.49 8.35% 25 1.48x1073
1 3.07 10.29% 25 6.97x10~4
J 3.76 12.60% 25 non-linear

The influence of Mg/Ga flow ratio of the p™-GaN layer
on the performance of ohmic contact is also studied. Four sam-
ples A, H, I, and J are grown with different concentration of
Mg. The flow rate of Ga remains the same for Samples H, I, J,
and A during the MOCVD growth, but the CP,Mg flow rate is
different. The growth temperature was fixed at 920 °C. Table 1
shows the growth conditions and p. of p™*-GaN layer for the
samples used for the CTLM /-V measurement. It is concluded
that Sample I achieves the lowest p. in four samples when the
CpoMg flow rate of p**-GaN layer growth is 3.07 umol/min
and the Mg/Ga flow rate ratio is 10.29%.

Figure 5 displays the results of CTLM /-V measurement
for four samples with different Cp,Mg flow rates when the
spacing of the CTLM pattern is fixed at 30 um at room tem-
perature. As shown in Fig. 5, the current increases along with
the increase of Cp,Mg flow rate initally, but when the Cp,Mg
flow rate increases to 3.76 pmol/min for Sample J, the cur-
rent decreases greatly, and the /-V curve shows a non-linear

characteristic.
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Fig. 5. (color online) CTLM /-V measurement for four samples with
different Cp,Mg flow rates when the spacing of the CTLM pattern is
fixed as 30 um at room temperature. The inset shows the structure dia-
gram of the optimal contact layer for Ni/Au Ohmic contact to p-GaN.

As shown in Fig. 5, the CTLM /-V characteristics of sam-
ples H, A, and I all show ohmic contact behaviors. The struc-
ture diagram of the optimal contact layer for Ni/Au ohmic con-
tact to p-GaN studied in this part is shown in the inset of Fig. 5.
The measured current at 2.0 V between two metal pads with a
gap spacing of 30 pm is 4.0 mA for Sample I, but the corre-
sponding current values are only 2.4 mA and 3.3 mA for Sam-
ples H and A, respectively. The latter two samples are grown

with Mg/Ga flow rate ratios lower than that of Sample 1. The
current of Sample I whose Cp,Mg flow rate during p*-GaN
layer growth is 3.07 pmol/min is the largest one of the three
samples, and the p. value of Sample I is the lowest one, i.e.,
6.97x10~* Q.cm?. Tt means that if the Cp,Mg flow rate of
pTT-GaN layer is less, the p. value has a trend to increase.
Kozodoy et al. showed that the excessive Mg could pro-
duce a deep-level defect (DLD) band in p-GaN only when the
concentration of Mg doping is as high as 2.0x10%° cm~3,[23]
which is in favor of obtaining a low contact resistance.?*! In
this study, the SIMS measurement is made for Sample A and
the result reveals that the total Mg impurity concentration in
the pt*-GaN layer is about 2.3x10% cm™3.
the CpoMg flow rate is lower, the incorporated Mg concentra-

Hence, when

tion may also be lower, and the Mg-induced DLD band may
not be well formed, or the density of states in the DLD band
is not high enough to improve the carrier transport. This can
explain why the p. of Samples H and A is higher than that
of Sample 1. In addition, when the Cp,Mg flow rate is too
high, the material quality begins to strongly deteriorate and a
severely degraded surface morphology consisting of densely
packed hexagonal pyramids appears.>3] Therefore, when the
Mg concentration of p*"-GaN layer exceeds a certain value,
the contact to p-GaN with p*™-GaN contact layer may be de-
graded. That is the reason why the /-V curve of Sample J
exhibits nonlinear characteristic when the Cp;Mg flow rate is
raised to 3.76 pumol/min. These results indicate that there is
a suitable Mg concentration range of the p™"-GaN layer for
achieving excellent ohmic contact by producing an optimized
DLD band.

4. Summary

In conclusion, the transport mechanism of Ni/Au/p-GaN
ohmic contact with the p™"-GaN contact layer is studied by
the measurement of temperature-dependent CTLM [-V. It is
confirmed that the VRH conduction through the DLD band
is the dominant transport mechanism in the prepared p-GaN
contact. In addition, we have also studied the dependence of
Ni/Au/p-GaN ohmic contact performance on the growth con-
ditions of the p™"-GaN contact layer, especially the thickness
and Mg/Ga flow rate ratio. It is found that a suitable thick-
ness and Mg/Ga flow ratio of the p*™-GaN layer can improve
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the ohmic contact performance to p-GaN. The effect of these

growth parameters can be well explained by the control of Mg

impurity doping and the formation of a proper DLD band. The
lowest p. of 6.97x10~* Q-cm? is achieved when the thickness
of the p™™-GaN contact layer is 25 nm and the Mg/Ga flow
rate ratio is 10.29%.
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