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Ti/Al contacts formed on n-GaN and AlGaN/GaN layers upon annealing at
temperatures below the melting point of Al were evaluated by photoresponse (PR),
current-voltage (1-V), and secondary ion mass spectroscopy (SIMS) measurements. In
the PR spectra, the photocurrent based on the internal photoemission was detected, and
the Schottky barrier height (q¢s) was determined for all the samples, even though the
I-V characteristics were very leaky. The AlGaN/GaN samples had constant q¢g values
of 0.85-1.0 eV independent of the annealing temperature. In contrast, the n-GaN
samples had very low q¢s values of 0.2 eV under the as-deposited condition. Upon
annealing, q¢g significantly increases and finally reaches almost the same values as
those of the AlIGaN/GaN samples. This can be explained by the change from Ti- to

Al-rich interfaces in conjunction with the SIMS results.



1. Introduction

Ti/Al-based ohmic contacts have been widely used with n-GaN layers and
AlGaN/GaN high-electron-mobility transistor (HEMTS) structures. For practical use,
cap layers typically consisting of a refractory metal and Au are formed on the Ti/Al
contacts in order to avoid dissolving the Al layer in the development solution, improve
the contact with interconnection layers, and prevent the interfacial reaction between Al
and Au.b)  However, the most important role of the low contact resistance (R¢) is in
metal (Ti/Al)/semiconductor (GaN, AlGaN) interfaces. Many studies have been
reported on fabricating improved Ti/Al-based ohmic contacts from the aspects of
surface treatments, the metal deposition technique, the metal-layer-thickness
dependence, and annealing conditions.216)  Typical ways evaluating Ti/Al contacts are
measurements of Rc by the transmission line method after annealing with one of the
process conditions changed as a parameter. Also, the interfacial reaction has been
observed by transmission electron microscopy and secondary ion mass spectroscopy
(SIMS).1D  As a result of these works, some ohmic formation mechanisms has been
reported such as the formation of TiN and N-vacancies, and the removal of a native
oxide layer by Ti, resulting in the formation of Al/clean GaN interfaces.1® The
reported annealing temperatures were in a wide range and can be classified into three
ranges. Above the melting point of Al (660 °C), 800-900 °C, the contacts reacted
completely.2:3  Around the melting point, the reaction occurred in the vicinity of the
interface.1® At temperatures much lower than the melting point, 400 °C, with a long
annealing time, ohmic contacts can be formed.20%. 21  Additionally, crystal quality of
GaN and AlGaN affects Rc. In particular, AlGaN layers on GaN contain surface
defects and residual donors. Since these factors have improved with the progress of
epitaxial growth techniques, the reestablishment of an ohmic formation technique is
often required.22)

There is a wide variation in the reported results for single-metal-layer contacts with
n-GaN. Originally leaky current-voltage (I-V) characteristics for Ti and Al contacts
were reported by Schmitz et al.23) On the other hand, the Schottky barrier heights
(a¢s) of Ti contacts were reported to be 0.20, 0.58, and 0.60 eV by I-V

measurements.24-26)  Relatively high q¢g values of 0.60 and 0.8 eV were obtained for



Al contacts by |-V and X-ray photoemission spectroscopy measurements,
respectively.2?)

Although many efforts have been made to obtain lower Rc through Ti/Al-based
metallization, understanding of the formation mechanism of ohmic contacts remains
elusive owing to the complicated interface condition. In this paper, we focus on
evaluating Ti/Al contacts formed on both n-GaN and AlGaN/GaN HEMT structures
annealed at temperatures of up to the ohmic formation temperature. We mainly used
the photoresponse (PR) method, which can be used even for leaky contacts, to

determine q¢s.

2. Experimental Procedure

Figure 1 shows the sample structure used in this study. Both a 2-pm-thick Si-doped
n-GaN single layer (Np = 1x10"" cm™) and AlGaN (15 and 21 nm thick)/GaN (2 pm
thick) HEMT structures were grown on c-plane sapphire substrates by metalorganic
chemical vapor deposition (MOCVD). The Al content in the AlGaN layers was 25%.
The measured sheet resistance and electron mobility were 561 and 507 Q/sq, and 1776
and 1660 cm?V's™, for the HEMT wafers with AlGaN thicknesses of 15 and 21 nm,
respectively.

Firstly, large-area Ti (20 nm thick)/Al (200 nm thick) electrodes were deposited by
electron-beam evaporation, and annealed at 700 °C for 30 s to form practical ohmic
contacts. Then, Ti (20 nm thick)/Al (200 nm thick) dots (200 um¢) were deposited
as evaluation contacts. Surface treatment before the metal deposition was conducted
with buffered hydrofluoric acid solution. Finally, rapid isothermal annealing for 30 s
was conducted in N, atmosphere. The typical distance between the practical and
evaluation contacts was about 1 mm.

In the PR measurements, when monochromatic light with a photon energy (hv)
greater than q¢s is incident on a metal/GaN interface, carriers in the metal can surmount
the Schottky barrier and a photocurrent may be generated, which is called the internal
photoemission effect. The q¢s can be determined from the measured photoemission

using Fowler’s equation: %
1

Y2 o< (hv - g ), 1)



where Y is the measured photoemission yield. When h v is close to the band edge,
owing to the generation of electron-hole pairs, a large photocurrent flows similarly to in
a solar cell.

I-V measurements were also conducted with an HP 4142B semiconductor parameter
analyzer. The interfacial reaction was characterized by SIMS measurements with an
ULVAC PHI ADEPT 1010 system. A Cs*-ion beam was used as a primary ion source
to detect Ga, Ti, and Al ions at 1 keV. The beam raster size was 500x500 um?.

3. Results
3.1 1-V characteristics

Figures 2(a) and 2(b) show typical forward I-V characteristics of the Ti/Al contacts
on n-GaN and 15-nm-thick AlGaN/GaN layers under the as-deposited condition and
after annealing at temperatures of up to 600 °C in a linear plot, respectively. The I-V
characteristics of the contacts on a 21-nm-thick AlGaN layer are basically the same as
those on a 15-nm-thick AlGaN layer. When the annealing temperature is up to 500 °C
for n-GaN and 520 °C for AlGaN/GaN samples, the I-V curves show leaky Schottky or
ohmic characteristics. Since there is no linear region in the forward I-V curves in a
semi-log plot, q¢s cannot be determined. When the annealing temperature is above
these values, the characteristics become ohmic.

Figure 3 shows the annealing temperature dependence of the reverse biased current at
V =-2V for all the samples. For the n-GaN samples, the reverse current decreases by
two orders of magnitude as the annealing temperature increases to 500 °C. When the
contacts become ohmic at a higher annealing temperature, the current greatly increases
to 30 mA. On the other hand, for AlGaN/GaN samples, upon annealing up to 520 °C,
the current is virtually constant at approximately 2 mA. When the contacts become
ohmic, the current also increases. The current, however, is smaller than that of n-GaN,
because the sheet resistance of the n-GaN sample is smaller than that of the HEMT
samples.

3.2 PR spectra
Figure 4 shows the PR spectra of the (a) n-GaN and (b) 15-nm-thick AlGaN/GaN



samples in a wide energy range. The PR spectra for the 21-nm-thick AlGaN/GaN
samples are not shown in this paper, but they are the same as those for the 15-nm-thick
AlGaN samples. For the n-GaN samples annealed at temperatures of up to 500 °C,
large peaks of fundamental absorption near the energy band gap (Eg) of GaN are seen.
On the lower side of the peaks, the PR spectrum shows good linearity against Y*?; thus
the photocurrent is considered to be based on the internal photoemission according to
Fowler’s equation.  After annealing at above 500 °C, the PR signal intensity
significantly decreases. In particular, on the lower side of E4, no effective signal was
detected, thus q¢s was not determined. For the AlGaN/GaN samples, the same trend
is observed on the lower side. However, the PR signals drop at approximately Eg,
because light is absorbed in the GaN layer and the generated carriers cannot reach the
metal/AlGaN interface. After annealing at above 520 °C, the fundamental absorption
peaks can be seen.

Figure 5 shows a summary of the q¢g values obtained from the PR measurements.
The 15-nm-thick AlGaN/GaN samples show constant q¢g values of approximately 0.85
eV independent of the annealing temperature. The 21-nm-thick samples have a
slightly higher q¢s value of 1.0 eV under the as-deposited condition. Then, q¢s
gradually decreased to 0.8 eV as the annealing temperature increased. In contrast, the
n-GaN samples have very low q¢s values of 0.2 eV under the as-deposited condition.
Upon annealing, q¢g significantly increases and finally reaches almost the same values
as those of the AlGaN/GaN samples. This trend is consistent with that of the reverse

current as shown in Fig. 3.

3.3 SIMS analysis

Figure 6 shows SIMS depth profiles for Ga, Ti, and Al of the (a) n-GaN and (b)
15-nm-thick AlGaN/GaN samples before and after annealing at 500 °C.  Under the
as-deposited condition, each signal has the depth profile expected from the device
structure. During the annealing, the intensive diffusion of Al atoms through the Ti
layer is observed, and these atoms reach the metal/semiconductor and AlGaN/GaN

interfaces.



4. Discussion

Firstly, the electrical characteristics of the Ti/Al contacts upon annealing at a lower
temperature are discussed. The I-V characteristics were very leaky for both n-GaN
and AlGaN/GaN samples. In particular, AlGaN/GaN samples showed very leaky I-V
characteristics, because the crystal quality of the AlGaN layers is not as good as that of
GaN, and the two-dimensional electron gas channels are close to the contacts. On the
other hand, PR measurements successfully revealed q¢s values. From the viewpoint
of the evaluation technique, this is advantageous for quantitatively characterizing the
effects of process conditions, such as surface treatments, metal deposition, metal layer
thickness, and annealing, on q¢s values.

Next, there was a large difference between the n-GaN and AlGaN/GaN samples in
the annealing temperature dependence of q¢s. For the n-GaN samples, the annealing
temperature dependence of g¢s can be explained by the change from Ti to Al contacts
evaluated by the SIMS results. Additionally, our q¢s values obtained by PR of 0.2 eV
under the as-deposited condition and 0.75 eV after annealing at 500 °C are in good
agreement with reported values for Ti and Al contacts obtained by I-V and X-ray
photoemission measurements.24 27 Of course, the same migration occurred in the
AlGaN/GaN samples, but they showed strong surface Fermi level pinning. As our
samples were grown by MOCVD, the AlGaN surfaces have a Ga face and originally
contained an Al content of 25%. Such an Al-rich interface might be a candidate for
strong pinning and large q¢s values before the ohmic formation.

Upon annealing in the higher-temperature range, as a result of the intensive
interfacial mixing and reaction, ohmic phase interfaces with low q¢s values were
formed. The low electrical field at the interface is responsible for the small PR signal.
In the AlGaN/GaN samples, the reacted metal formed a direct contact with GaN, and
PR peaks appeared around Ej.

Finally, it was confirmed that PR method was useful to characterize the initial stage
of formation of Ti/Al ohmic contacts. In further studies, combining the evaluation of
electrical characteristics before ohmic sintering and Rc values is expected to clarify the
effect of the process conditions and formation mechanism, and reveal better ways of

forming ohmic contacts.



5. Conclusions

We reported the evaluation results of Ti/Al contacts formed on n-GaN and
AlGaN/GaN layers upon annealing below the melting point of Al by PR, I-V, and SIMS
measurements.

In the PR results, the photocurrent based on the internal photoemission was detected
and the q¢s values were determined, even though the I-V characteristics were very
leaky. The AlGaN/GaN samples had constant q¢s values of 0.85-1.0 eV independent
of the annealing temperature. In contrast, the n-GaN samples had very low gq¢g values
of 0.2 eV under the as-deposited condition. Upon annealing, q¢s significantly
increases and finally reaches almost the same values as those of the AlGaN/GaN
samples. This can be explained by the change from Ti- to Al-rich interfaces in
conjunction with the SIMS results.

On the basis of these results, combining the evaluation of electrical characteristics
before ohmic sintering and Rc¢ values is expected to clarify the effect of the process

conditions and formation mechanism, and reveal better ways of forming ohmic contacts.
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Figure captions
Fig. 1. (Color online) Device structure of Ti/Al contacts with configuration for PR

measurements.

Fig. 2. (Color online) I-V curves of Ti/Al contacts on (a) n-GaN and (b) AlGaN/GaN

structures annealed at temperatures of up to 600 °C.

Fig. 3. (Color online) Annealing temperature dependence of the reverse biased current
atVv=-2V.

Fig. 4. (Color online) PR spectra for Ti/Al contacts on (a) n-GaN and (b) AlGaN/GaN
structures annealed at temperatures of up to 600 °C. Good linearity was observed on
the lower side of the band edge, meaning the Schottky barrier height could be obtained.

Fig. 5. (Color online) Schottky barrier height obtained from the PR results as a

function of annealing temperature.

Fig. 6. (Color online) SIMS profiles of Ga, Ti, and Al atoms for the (a) n-GaN and (b)
AlGaN/GaN samples before and after annealing at 500 °C.
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