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1. Introduction
High power AlInGaN-based laser diodes (LDs) have attracted great attention as light
sources for high-density optical storage systems and micro-display systems, as well. One of
the main concerns in this area is the fabrication of high-quality ohmic contacts to p-GaN
with low resistance and thermal stability, since operation power of the AlInGaN-based LDs
greatly affects the life time of the LDs.[1] Achieving low resistance ohmic contacts to p-GaN
has been particularly challenging, because of difficulty in obtaining a hole concentration
over 1018 cm-3 and the absence of metals having a work function higher than that of p-GaN
(6.5 eV).[2]
For fabrication of AlInGaN-based LDs with low input power, free-standing GaN has
attracted attention as a substrate because of its low dislocation density, high thermal
conductivity, and easy cleaving.[3,4] Another advantage of using the GaN substrate is to
fabricate devices with a backside n-contact. This allows the fabrication process to be simple
and reliable, and reduces the size of devices, which increases yield in mass-production.
Free-standing GaN substrate has two faces with a different crystal polarity, Ga- and N-face
polarity, which greatly influence on the electrical properties at metal/GaN interface as well
as those at AlGaN/GaN heterostructure.[5,6]
In order to achieve high-quality ohmic contacts to AlInGaN-based LDs, carrier transport
phenomena at the interface between metal and p-GaN as well as n-GaN should be
elucidated. This chaper discusses carrier transport phenomena in metal contacts to
AlInGaN-based LDs, and also introduces a design to improve the operating voltage
characteistics of the AlInGaN-based LDs based upon the carrier transport mechanism in
metal contacts to AlInGaN-based LDs.

2. Carrier transport in metal contacts to p-GaN contact layer of AlInGaN LDs
Many experiments on the electrical characteristics of metal contacts to p-GaN have been
carried out, mainly focusing on the variation of metallization scheme, alloying condition,
and surface treatment.[7-11] In order to achieve the low-resistance ohmic contacts to p-GaN,
carrier transport phenomena at the interface between metal and p-GaN should be
elucidated. Kim et al. reported that surface treatment of the p-GaN shifted the Fermi level to
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an energy level near the valence band by removing oxide layer, resulting in the reduction of
the barrier height for holes.[7] In addition, Jang et al. showed the increase in carrier
concentration at the regions near the surface of p-GaN for the surface-treated p-GaN using
the Hall-effect measurements, and suggested that field emission dominated current flow at
the interface between non-alloyed Pt contact and the surface-treated p-GaN.[12]
2.1 Dependence of contact resistivity on hole concentration
In order to understand the carrier transport phenomena at the interface between the metal
contacts and p-GaN contact layer of AlInGaN LDs, the dependence of contact resistivity on
the hole concentration of ohmic contacts to p-GaN should be investigated, because carrier
concentration is one of the most important factor to affect carrier transport at the metalsemiconductor interface.
The hole concentration and the concentration of Mg, [Mg] for a series of p-GaN films are
shown in Fig. 1 as a function of flow rate of bis-(cyclopentadienyl)-magnesium (Cp2Mg). As
shown in Fig. 1, the [Mg] increased with Cp2Mg and reached up to 1x1020 cm-3 when the
flow rate of Cp2Mg was 2.8 μmole/min. The hole concentration initially increased from
7.5x1016 (sample A) to 2.2x1017 cm-3 (sample B) with the increase of the flow rate of Cp2Mg
from 0.70 to 1.05 μmole/min. Further increase in the flow rate of Cp2Mg to 1.75 and 2.80
µmole/min, however, resulted in a significant decrease of the hole concentration to 1.2x1017
(sample C) and 2.0x1016 cm-3 (sample D), respectively. These results are well matched to the
previous results, where the hole concentration initially increased with [Mg] and it decreased
significantly with further increase in the [Mg].[13]
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Fig. 1. The hole concentration and the [Mg] for a series of p-GaN films as a function of flow
rate of Cp2Mg.
Figure 2 shows I-V characteristics of the non-alloyed Pd/Pt/Au contacts deposited on the
series of p-GaN films with a different [Mg]. For the contacts on sample A having the lowest
[Mg] among the samples as shown in Fig. 1, the measured current at 0.5 V between two
metal pads with the gap spacing of 5 μm was 19 μA, and it increased to 41 and 54 μA for the
contacts on sample B and C, respectively. In case of the contacts on sample D with the
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highest [Mg] and the lowest hole concentration, the current at 0.5 V was measured as 64 μA.
It is worth to notice that the non-alloyed Pd/Pt/Au contacts deposited on samples A, B, and
C displayed non-linear I-V curves, while I-V curve became linear for the contacts on sample
D. This is suggestive of producing the better ohmic contact on sample D having the lowest
hole concentration among the samples.
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Fig. 2. I-V characteristics of the non-alloyed Pd/Pt/Au contacts deposited on the series of pGaN films with a different [Mg].
The contact resistivity for the Pd/Pt/Au contacts on the p-GaN films having the different
[Mg] is shown in Fig. 3. For comparison, the hole concentration as a function of the [Mg] is
also displayed. The contact resistivity for the non-alloyed Pd/Pt/Au contacts on sample A
having the [Mg] of 3x1019 cm-3 was 3.0x10-1 Ω-cm2, and it was reduced to 8.9x10-2 Ω-cm2 for
the contacts on sample B, having the higher [Mg] than that of sample A. This can be
attributed to the increase in hole concentration with the Mg until the [Mg] is 4.5x1019 cm-3, as
shown in Fig. 3. The increase in the hole concentration reduces the barrier width as well as
barrier height between the contact and the p-GaN, followed by the enhancement of carrier
tunneling through the barrier and the reduction of contact resistivity, as shown in Fig. 3.[14]
In case of the Pd/Pt/Au contacts on sample C, however, the contact resistivity was further
reduced to 3.2x10-2 Ω-cm2, although the hole concentration of sample C (1.2x1017 cm-3) was
lower than that of the sample B (2.2x1017 cm-3), as shown in Fig. 3. Furthermore, the contact
resistivity for the contacts on sample D, having the lowest hole concentration among the
samples (2.0x1016 cm-3), was significantly reduced to 5.5x10-4 Ω-cm2. This value is more than
two orders of magnitude lower than that of the contacts on sample B having the highest hole
concentration among the samples.
Figures 2 and 3 clearly show that the non-alloyed Pd/Pt/Au contacts on sample D, having the
lowest hole concentration and the highest [Mg] among the samples, had the lowest contact
resistivity among the samples and displayed the linear I-V relationship. The metalsemiconductor contact theory indicates that the decrease in carrier concentration increases
contact resistivity, especially in field emission which is essential for obtaining ohmic behavior
for the metal-semiconductor interface with high barrier height.[14,15] This implies that the
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linear I-V relationship and the low contact resistivity of the non-alloyed contacts on sample D
cannot be explained by the field emission in the metal-semiconductor contact theory.
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Fig. 3. The contact resistivity for the Pd/Pt/Au contacts on the p-GaN films having a
different [Mg]. The hole concentration as a function of the [Mg] is also displayed.
2.2 Influence of micro-structural defects on the carrier transport
One possible explanation for the reduction of contact resistivity of Pd/Pt/Au contacts as the
hole concentration of p-GaN decreased when the [Mg] is higher than 4.5x1019 cm-3, as shown
in Fig. 3, is the influence of microstructural defects such as dislocations on the carrier
transport at the interface between the non-alloyed contact and p-GaN. High threading
dislocation density, which is produced by large differences in lattice mismatch and thermal
expansion between GaN and sapphire substrates, has a significant influence on the
performance of InGaN light emitting devices.[16] The LEO method is a popular method
used to reduce the threading dislocation density. The LEO method has been used to lower
the threading dislocation density by more than two orders of magnitude.[17,18] Indeed, the
use of LEO GaN has already increased the lifetime of InGaN LDs to more than 10,000
hours.[19,20]
The electrical characteristics of dislocations in n-GaN have been well studied. Weimann et al.
suggested a model in which filled traps along dislocation lines act as Coulomb scattering
centers, explaining the low transverse mobility in GaN by the scattering of electrons at
charged dislocation lines.[21] Hansen et al. observed free surfaces of undoped GaN by
scanning capacitance microscopy, and found the presence of excess negative charge in the
region surrounding the dislocations, which implies the presence of deep acceptorlike trap
states near the valence band associated with threading dislocations.[22]
The high dislocation density has also greatly affected electrical properties at p-n junctions.
Kozodoy et al. examined the effect of dislocations on the reverse bias current density by
comparing the reverse bias current for p-n diodes on LEO GaN with that for diodes on the
dislocated GaN, and found that reverse-bias leakage current was reduced by three orders of
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magnitude on LEO GaN.[23] Kuksenkov et al. also showed that the dark current was
correlated with dislocation density in GaN diodes.[24] However, scant information is
available concerning the correlation between the high dislocation density and the electrical
properties of ohmic contacts to p-GaN.
In addition, the effect of dislocation density on threshold current and life time of InGaN LDs
were reported in several papers,[19,20,25] while, little results on the effects of dislocation
density on the operating voltage of the InGaN LDs have been reported until now. Nam et al.
reported that the lifetime of the InGaN LDs was greatly influenced by the operating voltage,
although it is well known that the lifetime is affected by the operation current and the
temperature of the LDs.[26]
To examine the influence of microstructure of p-GaN on carrier transport at the interface
between the non-alloyed contact and p-GaN, Kwak and Park have focused on investigating
the effect of dislocation on the contact resistivity of ohmic contacts on p-GaN through
measurement of the I-V characteristics for non-alloyed Pd ohmic contacts on LEO GaN and
on dislocated GaN. They fabricated TLM patterns with a very narrow mesa structure, which
enabled the production of TLM patterns on LEO GaN and on dislocated GaN. They grew pGaN films on c-plane sapphire substrates by metalorganic chemical-vapor deposition
(MOCVD). Trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia (NH3) were
used as precursors for Ga, In, and N, respectively. The LEO process was performed to
decrease the dislocation density of the layers. First, 2-μm-thick GaN layers were grown on
the sapphire substrates. Second, silicon dioxide and metal masks were deposited on the
GaN layer; striped patterns with widths of 4 μm and a periodicity of 10~18 μm were formed
in the <1-100> direction of GaN using standard lithography and inductively coupled plasma
reactive ion etching (ICP-RIE). Third, window areas of GaN layers were etched down to the
sapphire substrate by ICP-RIE. Finally, the striped-pattern GaN wafers were loaded into the
MOCVD reactor for the LEO process.
After the growth of LEO GaN, both the 2-μm-thick, Mg-doped, p-GaN layer and the laser
diode structures with a 405 nm wavelength were grown on LEO GaN wafers. For p-GaN,
bis-(cyclopentadienyl)-magnesium (Cp2Mg) was used as a precursor for Mg. the 2-μm-thick
p-GaN layer had a Mg concentration of 2×1019 cm-3, where the hole concentration measured
by the Hall measurement system was 7×1017 cm-3. In addition, an additional thin layer (10
nm) having a Mg concentration of 1×1020 cm-3 was grown on the 2-μm-thick p-GaN layer.
Although the p-GaN having a Mg concentration of 1×1020 cm-3 had the hole concentration as
low as 2×1016 cm-3, it can reduce the contact resistivity of the non-alloyed contacts to p-GaN
significantly.[27]
For the InGaN-based laser diode, a Si-doped GaN layer was first grown on the LEO-GaN
layer. Doped AlGaN/GaN superlattice structures and GaN were used as cladding and
waveguide layers, respectively. The AlGaN/GaN superlattice structures consisted of 25-Åthick AlGaN and 25-Å-thick GaN layers. The active layers were InGaN/InGaN MQW
structures consisting of a 40-Å-thick In0.08Ga0.92N well and a 100-Å-thick In0.02Ga0.98N barrier.
A Mg-doped, AlGaN, electron-blocking layer was grown between the active layer and the ptype waveguide layer. Finally, an additional thin layer (10 nm) having a Mg concentration of
1×1020 cm-3 was grown as a p-contact layer. Conventional annealing was conducted below
900 °C to achieve good p-type conduction for both samples.
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Fig. 4. Schematic diagrams showing the process flow for fabricating the narrow TLM
patterns.

Fig. 5. SEM image of the fabricated narrow TLM patterns, having 2 μm-wide narrow mesa
structures.
To investigate the effect of dislocation on the contact resistivity of ohmic contacts on pGaN, Kwak and Park fabricated TLM patterns with a very narrow mesa structure (narrow
TLM), which enabled the production of TLM patterns on LEO as well as on dislocated
GaN. The narrow TLM patterns were fabricated as described in the process flow shown in
Fig. 4. First, a chemically assisted ion beam method was used to etch a 2-μm-wide mesa
stripe on the wing and seed regions of the LEO-GaN structures, as shown in Fig. 4(b). This
was followed by deposition of the 0.2-μm-thick TiO2 passivation layer and 0.1-μm-thick
Pd contacts, as shown in Fig. 4(c). Before deposition of the Pd contacts, the TLM patterns
were etched in buffered HF solution, rinsed in DI water, and dried with nitrogen before
being loaded into the vacuum system for metal deposition. Pd (100 nm) films were
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deposited by electron beam evaporator. The Pd provides good specific contact resistance
in the as-deposited state, therefore, Pd was used as an ohmic material to narrow
TLM.[27,28] Figure 5 is a scanning electron microscope (SEM) image of the fabricated
narrow TLM patterns with narrow (2-μm in width) mesa structures. The cross-sectional
SEM image (inset) shows that the narrow TLM pattern was well fabricated on the wing
region of the LEO GaN.
Figure 6 shows the I-V characteristics of the Pd contacts on the LEO GaN (low dislocation
density region) as well as on the seed GaN (dislocated region) measured at a gap spacing of
10 μm. The Pd contacts, both on the LEO GaN and the seed GaN, produced linear I-V
characteristics, as shown in Fig. 6. It is noteworthy that variations of the I-V characteristics of
the contacts on the LEO GaN, as well as on the seed GaN, were small and identical, which
implies that dislocation had little effect on the I-V characteristics of the Pd contacts.
Figure 7 shows the specific contact resistances of the Pd contacts on the LEO GaN and that
of the contacts on the dislocated GaN, as measured using the narrow TLMs. The nonalloyed Pd contacts on the LEO-GaN (low dislocation density region) showed a specific
contact resistance of 2~3Ì10-3 Ω-cm2. The contacts on the dislocated regions (both the seed
and coalescence region) also showed a specific contact resistance of 2~3Ì10-3 Ω-cm2. In
addition, the Pd contacts located between the LEO-GaN region and the dislocated regions
had a specific contact resistance of 2~3Ì10-3 Ω-cm2. These results clearly showed that
dislocation had little influence on the specific contact resistance of the non-alloyed Pd
contacts on p-GaN.
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Fig. 6. I-V characteristics of the Pd contacts on the LEO GaN as well as on the seed GaN
measured at 10 μm gap spacing.
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Fig. 7. The specific contact resistances of the Pd contacts on LEO GaN and that of the
contacts on dislocated GaN, as measured using narrow TLMs.
It has been reported that a neutral region is formed around each dislocation due to a midgap state, which reduces electron mobility of n-GaN.[29] The neutral region along the
dislocations likely does not contribute to carrier transport through the metal/semiconductor
(M/S) interface, which implies that the actual area at the M/S interface could be reduced. In
our sample, however, the carrier concentration was relatively high (p=7.0x1017 cm-3), which
is essential to InGaN based laser diodes, a smaller depleted area due to the dislocation was
expected. Shiojima et al. evaluated the effect of dislocation on current-voltage (I-V)
characteristics of Au/Ni/n-GaN Schottky contacts by using a submicrometer Schottky dot
array formed by electron beam lithography, and showed that neither dislocations nor steps
affected the I-V characteristics, which could be attributed to a relatively higher carrier
concentration (n=5.8x1017 cm-3).[30] To confirm this explanation, however, further studies,
such as the same experiment with low hole concentrations, are needed to estimate the actual
area which contributes the carrier transport at the M/S interface.
To elucidate whether the dislocation affects the voltage characteristics of the InGaN LDs, we
fabricated InGaN LDs, in which non-alloyed Pd contacts were produced on a 2- μm -width
ridge waveguide structure. The location of the ridge waveguide varied from seed region to
coalescence region. Figure 8(a) shows the variation of output power and voltage of the
InGaN LDs as a function of injected current for the LDs with the Pd contacts on the LEO
GaN and on the dislocated GaN. As shown in Fig. 8(a), the output power-current curve was
differed greatly for the different locations of the Pd contacts. In contrast, the voltage-current
curve changed little with the location of the contacts. Figure 8(b) displays the variation of
the operating voltage at 50 mA and threshold current as a function of location of the ridge
waveguide of the InGaN LDs. As shown in Fig. 8(b), the InGaN LDs, which have a ridge
structure on the LEO-GaN region, showed a low threshold current of 55 mA. The threshold
current of the LDs where the ridge structure is located between the seed and the LEO
regions, however, increased to 90 mA. Furthermore, it increased as high as 119 mA in the
seed region. This implies that dislocation has a significant influence on the threshold current
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characteristics of InGaN LDs. These results agree well with previous reports. It was reported
that an increase in dislocation density significantly deteriorated the operating current
characteristics of the InGaN LDs.[26] A significant increase in nonradiative recombination in
the dislocation region may cause a significant increase in the threshold current of the
dislocated region of the InGaN LDs, as shown in Fig. 8.[31]
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Fig. 8. (a) Variation of output power and voltage of the InGaN LDs as a function of injected
current for the LDs with the Pd contacts on the LEO GaN and the dislocated GaN, and (b)
variation of the operating voltage at 50 mA and threshold current as a function of location of
the ridge waveguide of the InGaN LDs.
The density of dislocation, however, had minimal influence on the operating voltage of the
ridge waveguide InGaN LDs. As shown in Fig. 8(b), we obtained 5.8 V as the operating
voltage at 50 mA for the LEO-GaN region of LDs. Similar operating voltage values were
obtained even for the dislocated regions of LDs. This can be attributed to the results shown
in Fig. 7, where the density of dislocation had little influence on the specific contact
resistance of the non-alloyed Pd contacts. These results clearly suggest that dislocation
exerts significant influence on the threshold current of InGaN LDs, but has minimal
influence on the specific contact resistance of the contacts to p-GaN.
2.3 Influence of deep level defects on the carrier transport
Another possible explanation for the abnormal dependence of the contact resistivity on the
hole concentration observed in this study is the influence of deep level defects in p-GaN on
the carrier transport at the Pd/p-GaN interface. Götz et al. reported the presence of
compensating deep centers in Mg-doped GaN using capacitance spectroscopy.[32] Bayerl et
al. also detected a deep level defect named MM1 located near the mid gap using optically
detected magnetic resonance and observed different defect signals for p-GaN with different
[Mg].[33] Hofmann et al. suggested that the structure of MM1 center could be a nitrogen
vacancy-Mg pair defect (VN-MgGa).[34] In addition, Shiojima et al. found that carrier capture
and emission from acceptor-like deep level defects caused depletion layer width to vary
significantly in Ni contacts to p-GaN.[35]
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Kwak et al. have examined the temperature-dependent contact resistivity of non-alloyed
Pd/Pt/Au contacts to p-GaN films as well as the temperature-dependent sheet resistivity of
the p-GaN films, in order to understand the anomalously low contact resistivity (~10-4 Ωcm2) considering the large work function difference between the metal and p-GaN and the
abnormal dependence of contact resistivity on carrier concentration, as well. In their study,
three different p-GaN samples having a different Mg concentration, [Mg], were used
(samples A, B, and C). A thin buffer layer and a 1-um-thick undoped GaN layer on a
sapphire substrate was grown by the MOCVD, followed by the growth of 1-um-thick p-GaN
layers having three different [Mg]. Variation of [Mg] in p-GaN was conducted by changing
the flow rate of bis-(cyclopentadienyl)-magnesium. Sample A, B, or C has the [Mg] of
4.5x1019, 7.5x1019, or 1.0x1020 cm-3, respectively, which was measured using secondary ion
mass spectroscopy. The hole concentration of the sample A, B, or C was determined as
2.2x1017, 1.2x1017, or 2.0x1016 cm-3, respectively, which was obtained from Hall-effect
measurements. These results indicate that the hole concentration decreased as increase in
the [Mg] in the p-GaN films in this study. The temperature dependence of the contact
resistivity and the sheet resistance were performed in a cryostat using transfer length
method (TLM). Prior to the fabrication of the TLM patterns, mesa structures were patterned
using chemically assisted ion beam etching with Cl2. Then, they were etched in buffered HF
solution, rinsed in DI water, and dried with nitrogen before being loaded into the vacuum
system for metal deposition. Pd (20 nm)/Pt (30 nm)/Au (80 nm) films were deposited by
electron beam evaporator.
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Fig. 9. The temperature dependence of contact resistivity of the non-alloyed Pd/Pt/Au
contacts on the p-GaN samples having the different [Mg]. The [Mg] of the samples A, B, and
C were 4.5x1019, 7.5x1019, and 1.0x1020 cm-3, respectively, and the hole concentration of the
samples A, B, and C were 2.2x1017, 1.2x1017, and 2.0x1016 cm-3, respectively
The temperature dependence of contact resistivity of the non-alloyed Pd/Pt/Au contacts on
the p-GaN samples having the different [Mg] is shown in Fig.9. As the measured
temperature decreased, as shown in Fig. 9, the contact resistivity of the Pd/Pt/Au contacts
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on the p-GaN samples rapidly increased. For the contacts on sample C having the [Mg] of
1x1020 cm-3, the contact resistivity increased from 5.5x10-4 to 4.0x10-2 Ω-cm2, as the
temperature decreased from 300 to 100 K. In case of the contacts on the sample A or B, the
contact resistivity also increased by more than one order of magnitude as the temperature
decreased from 300 to 100 K. These results clearly show that the carrier transport at the
Pd/p-GaN interface is not dominated by pure-tunneling mechanism because it implies a
temperature-independent contact resistance.[15] It is worthwhile to note that the contact
resistivity of the non-alloyed Pd/Pt/Au contacts on the sample C (5.5x10-4 Ω-cm2) having a
low hole concentration of 2.0x1016 cm-3 was anomalously low at room temperature,
considering the large work function difference between Pd and p-GaN. In addition, in a
temperature region higher than 75 K, the contact resistivity of the contacts on the sample C
having the lowest hole concentration (2.0x1016 cm-3) was more than one order of magnitude
lower than that of the contacts on the sample A or B having a higher hole concentration
(2.2x1017 or 1.2x1017 cm-3, respectively). This is abnormal since the metal-semiconductor
contact theory indicates that the decrease in carrier concentration increases contact
resistivity.[15]
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Fig. 10. The change of sheet resistivity of the p-GaN samples as a function of measured
temperature. The inserted figure shows the dependence of To on the [Mg] in p-GaN.
Figure 10 shows the variation of sheet resistivity of the p-GaN films as a function of
measured temperature. In the temperature-dependent sheet resistivity of the p-GaN films, as
shown in Fig. 2, we obtained a linear relationship between the sheet resistivity of p-GaN and
exp(To/T)1/4. The To is given by 2.1(α3/kBNDE)1/4 where α-1 is localization length, kB is
Boltzman constant, and NDE is density states at the energy level of defects. The obtained
linear relationship, as shown in Fig.10, indicates that carriers may flow by variable-range
hopping conduction via a deep level defect band.[36] The linear relationship was observed
at temperature below 250 K for samples B and C, meanwhile it was maintained up to room
temperature for sample C, which may imply that the variable-range hopping conduction via
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a deep level defect band still dominates current flow at room temperature for sample C. The
linear relationship between sheet resistivity and exp(To/T)1/4 was also reported in lowtemperature grown (LTG) GaAs, in which a dense EL2-like deep defect band was
produced.[37]
The figure inserted in Fig. 10 shows the dependence of To on the [Mg] in p-GaN. As the
[Mg] increased from 4.5x1019 to 1.0x1020 cm-3, as shown in the inserted figure, the To was
reduced from 130 to 106, which implies that the defect density increased as the [Mg] in pGaN increased since To is 2.1(α3/kBNDE)1/4. It is worthy of note that we can calculate the
defect density, NDE, from the obtained To value, if we know localization length, α-1.
However, since the localization length of the deep level defect band in the p-GaN films has
not been reported yet, we could not obtain the defect density of the p-GaN. Instead, we can
estimate the defect density in the p-GaN films having the different [Mg] using the relation
between contact resistivity and defect density,[38] which is given by

ρc =

kBT
2

q kΘD / h exp( −γ / aN DE

1/3

1/3

)(3 / 4π N DE )

N DE

exp(

qϕ
)
kT

(1)

where ΘD is Debye temperature, γ is constant, a is extent of the wave function, and qφ is the
barrier height between the metal and the deep level defect. Figure 11 shows the variation of
contact resistivity as a function of defect density calculated from the Eq. (1). As shown in
Fig. 11, contact resistivity rapidly decreases as increase in the defect density, and it also
decreases when the qφ decreases. In order to obtain the defect density in the p-GaN films,
the qφ was measured by using the devised I-V method which utilizes large-area contacts and
reverse-biased I-V characteristics,[39] and the measured qφ was 0.36 eV. From the measured
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Fig. 11. The variation of contact resistivity as a function of defect density and barrier height
between metal and the deep level defects, qφ, which is calculated from the eq. (1). The
measured qφ and the obtained contact resistivity for the Pd/Pt/Au contacts on samples A.
B, and C were also depicted.

www.intechopen.com

Carrier Transport Phenomena in Metal Contacts to AlInGaN-Based Laser Diodes

41

qφ and the contact resistivity of the Pd/Pt/Au contacts on the p-GaN having the different
[Mg], as shown in Fig. 11, we obtained the defect densities in the sample A, B, and C as
1.4x1019, 1.6x1019, and 2.9x1019 cm-3, respectively. It should be noted that the defect density in
the p-GaN increased as increase in [Mg] in the p-GaN, which is well matched to the relation
between To and [Mg], as shown in the inserted figure in Fig. 10.
Based on these results, the band diagram of a Pd/p-GaN contact was devised, as shown in
Fig. 12. The deep defect level, EDE, is unoccupied with electrons in most of the material, as
shown in Fig. 12. However, because of the band bending near the interface between the
metal and the p-GaN, occupied region in the deep defect level was produced by the
electrons moved from the metal. The occupied region of the deep defect level, which is
located below the Fermi level, EF, as shown in Fig. 12, may allow the carriers to flow from
the metal directly to the dense deep defect level in the p-GaN, which results in predominant
current flow at the Pd/p-GaN interface through the deep level defect band, rather than the
usual valence band. The carrier transport at the metal/p-GaN interface through deep level
defects is also observed in the Ni/p-GaN interface. Shiojima et al. found that carrier capture
and emission from acceptor-like deep level defects caused depletion layer width to vary
significantly in Ni contacts to p-GaN.[40] In addition, Yu et al. reported a tunneling
component in the Ni contacts to p-GaN due to the defect states located in the near surface
region of the semiconductor.[41]
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Fig. 12. Band diagram of the Pd/p-GaN in which the carriers flow from the metal directly to
the dense deep level defects.
From the devised band diagram, as shown in Fig. 12, the abnormal dependence of the
contact resistivity on the carrier concentration, as shown in Fig. 9, as well as the
anomalously low contact resistivity (5.5x10-4 Ω-cm2) of the Pd/Pt/Au contacts on sample C
considering the large work function difference between Pd and p-GaN and the low hole
concentration of sample C (2.0x1016 cm-3) can be explained as follows. In the samples A, B
and C, when the [Mg] in the p-GaN films increased from 4.5x1019 to 1.0x1020 cm-3, the hole
concentration decreased from 2.2x1017 to 2.0x1016 cm-3, meanwhile the deep level defect
density increased from 1.4x1019 to 2.9x1019 cm-3, as shown in Fig. 11. The increase in the
defect density allows more carriers to flow from the Pd to the p-GaN through the deep level
defects, followed by the reduction of the contact resistivity. This can result in the abnormal
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dependence of the contact resistivity on the carrier concentration, that is, the decrease in the
contact resistivity from 8.9x10-2 to 5.5x10-4 Ω-cm2 even though the hole concentration was
reduced from 2.2x1017 to 2.0x1016 cm-3. Furthermore, the unexpectedly low contact resistivity
(5.5x10-4 Ω-cm2) even though the hole concentration was as low as 2.0x1016 cm-3 can be
attributed to the large defect density in the sample C (2.9x1019 cm-3), since the very large
defect density can greatly lower the contact resistivity, as shown in Fig. 12. The anomalously
low contact resistivity considering a low carrier concentration in semiconductors is also
observed in non-alloyed ohmic contacts to LTG GaAs, which was explained by the
predominant current flow at the metal/LTG GaAs interface through a very large
concentration (~3x1019 cm-3) of EL2-like deep defect level, followed by a low contact
resistivity of 1.5x10-3 Ω-cm2 even though the carrier concentration was less than 1011 cm3.[38] As for the deep level defects in the p-GaN films, the energy level and structure of the
deep defect are not clearly understood yet. One possible acceptor-like deep defect level is an
impurity band. Cheong et al. suggested that Mg acceptors formed an impurity band that had
thermal activation energy in a range of 300-360 meV.[42] Clarifying the deep defect level
seems to be the key issue to a deeper understanding of the carrier transport at the metal/pGaN interface, which remains for further study.
Finally, The experimental results and theoretical calculation suggested that a deep level
defect band having a large defect density over 1019 cm-3 existed in the p-GaN films and the
density of the deep level defects was enlarged as the [Mg] increased. The unexpectedly low
contact resistivity (~10-4 Ω-cm2) considering the large work function difference between the
metal and p-GaN as well as the abnormal dependence of the contact resistivity on the hole
concentration could be explained by the carrier transport model in which the carriers flow
from the metal directly to the dense deep level defects.
2.4 Design of p-GaN contact layer to minimize operating voltage of AlInGaN LD

Based on the understanding of carrier transport phenomena in metal contacts to p-GaN
contact layer, a p-GaN:Mg contact layer can be designed to minimize the operating voltage
of AlInGaN LD. As for the design of p-GaN:Mg contact layer, Kwak et al. reported the pGaN contact layer having a high Mg-doped thin cap layer.[27,43,44] In this design, an
additional thin layer (10 nm) having a high [Mg] (1x1020 cm-3) was grown on p-GaN having
the [Mg] of 4.5x1019 cm-3. In x-ray diffraction, the full width at half maximum values of
(0002) and (1ī02) for the p-GaN contact layer having a high Mg-doped thin cap layer were
identical to those for the p-GaN contact layer without the cap layer, which implies that the
microstructure was not changed by the addition of the thin layer. Figure 13 shows a
comparison of the measured I-V characteristics of the non-alloyed Pd/Pt/Au contacts
deposited on p-GaN contact layer with and without the thin layer having the high [Mg]. The
I-V characteristics were measured using two metal pads with 5 μm gap spacing, and the thin
layer between the two metal pads was removed by dry etching with Cl2. The addition of the
thin layer with the high [Mg], as shown in Fig. 13, significantly increased the measured
current at 0.5 V from 41 μA to 670 μA and made I-V curve linear. This result indicates that
the addition of a thin layer of p-GaN with high [Mg] on p-GaN with lower [Mg] greatly
increased the current across the interface between the contact metal and the p-GaN films
with lower [Mg].
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Fig. 13. A comparison of the measured I-V characteristics of the non-alloyed Pd/Pt/Au
contacts deposited on sample B with and without the thin layer having the high [Mg].
The concentration of Mg, [Mg], in the thin cap layer is one of the important parameters to
minimize the operating voltage of AlInGaN LD. As shown in Fig. 14, for the Pd/Pt/Au
contacts on the p-GaN contact layer without the thin p-GaN layer with high [Mg], high
contact resistivity of 5.2×10-2 Ω-cm2 was obtained. When the thin p-GaN layer with the flow
rate of Cp2Mg of 1.4 μmole/min was added on the p-GaN film, however, the contact
resistivity decreased by one order of magnitude (5.0×10-3 Ω-cm2). Further increase in the
flow rate of Cp2Mg to 2.1 and 2.8 μmole/min, as shown in Fig. 4, resulted in a reduction of
the contact resistivity to 1.7×10-3 Ω-cm2 and 9.4×10-4 Ω-cm2, respectively.
-1

10

2

Contact Resistivity (Ω-cm )

I-V

p-GaN

-2

10

Additional p-GaN
with high [Mg]

No
additional
p-GaN layer

-3

10

0.5

1.0

1.5

2.0

2.5

3.0

Flow rate of Cp2Mg (µmole/min)
Fig. 14. The effect of the [Mg] in the additional thin p-GaN layer on the contact resistivity.
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Fig. 15. Variation of the contact resistivity of the Pd/Pt/Au contacts and sheet resistance of
p-GaN as a function of thickness of the highly Mg doped p-GaN contact layer.
The thickness of the thickness of the cap layer in the design of a p-GaN contact layer
having a high Mg-doped thin cap layer is also important factor to minimize the operating
voltage of AlInGaN LD. Figure 15 shows the variation of the contact resistivity of the
Pd/Pt/Au contacts and sheet resistance of p-GaN as a function of thickness of the highly
Mg doped p-GaN contact layer. As shown in Fig. 15, the sheet resistance of the p-GaN was
not changed as increasing the thickness of the p-GaN contact layer. However, the contact
resistivity was reduced rapidly as the thickness of the p-GaN contact layer increased from
10 to 30 nm. This result may be attributed to insufficient incorporation of Mg in the highly
Mg doped p-GaN contact layer, since growth of the 10 nm-thick p-GaN contact layer
required very rapid increase in Cp2Mg flow rate from 1.05 to 2.80 μmol/min. Further
increase in the thickness of the p-GaN contact layer up to 50 nm did not change the
contact resistivity, as shown in Fig. 15.
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Fig. 16. The effect of a p--GaN contact layer having a high Mg-doped thin cap layer on the
lowering the operating voltage of the AlInGaN LDs.
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To verify the effect of a p--GaN contact layer having a high Mg-doped thin cap layer on the
lowering the operating voltage of the AlInGaN LDs, the thin p--GaN contact layer with high
[Mg] at the top of the AlInGaN laser structure was introduced as a contact layer and
fabricated the LDs with a ridge stripe, as shown in Fig. 16. When the thin contact layer was
heavily doped with Mg, the measured voltage of the LD at 20 mA was measured as 4.9 V,
meanwhile the voltage at 20 mA was as high as 8.8 V without the thin heavily doped contact
layer. This clearly indicates that the thin p--GaN contact layer reduced the contact resistance,
followed by the decrease in operating voltage of the LD.

3. Carrier transport in metal contacts to N-face n-GaN of AlInGaN LDs on free
standing GaN substrates
Free-standing GaN has attracted attention as a substrate for AlInGaN LDs because of its low
dislocation density, high thermal conductivity, and easy cleaving.[45,46] Another advantage
of using the GaN substrate is to fabricate devices with a backside n-contact. This allows the
fabrication process to be simple and reliable, and reduces the size of devices, which
increases yield in mass-production.
GaN substrate has two faces with a different crystal polarity, Ga- and N-face polarity, which
greatly influence on the electrical properties at metal/GaN interface as well as those at
AlGaN/GaN heterostructure. Karrer et al. investigated the influence of crystal polarity on
the properties of Pt/GaN Schottky diodes grown by plasma-induced molecular-beam
epitaxy (PIMBE), and reported that different barrier heights of Pt onto the two different face
were obtained to be 1.1 and 0.9 eV for Ga- and N-face GaN, respectively.[5] He suggested
that this behavior could be due to the different bend bending of the conduction and valence
band caused by the different spontaneous polarization in epitaxial layers with different
polarity.[5] Fang et al. also reported that Ni/Au contacts showed higher barrier heights of
1.27 eV on Ga-face free-standing GaN than on N-face GaN (0.75 eV).[6] Since device
structures including active layers are normally grown on Ga-polar GaN substrate, the
backside ohmic contact should be produced on N-polar GaN side. However, little work has
been performed on the comparison of electrical properties between ohmic contacts on Gaand N-polar GaN substrate.
Kwak et al. investigated the influence of crystal polarity on the electrical properties of Ti/Al
contacts to n-type GaN, since the Ti/Al contacts are widely used for ohmic contacts to nGaN.[45,47,48] For this purpose, free-standing n-GaN substrates grown by hydride vapor
phase epitaxy (HVPE) were used, because they have Ga-face polarity in one surface and Nface in the other surface, and a comparison between Ti/Al contacts on Ga-face and N-face nGaN substrates is made.
The samples were grown by HVPE on sapphire substrate to a thickness of 300 µm. In order
to obtain a free standing GaN substrate, the thick GaN layer was separated from the
sapphire by laser induced lift-off. The GaN wafers were then mechanically polished and dry
etched on both the Ga- and N-face to obtain a smooth epi-ready surface. Structural
properties were investigated using double-crystal x-ray diffraction (DXRD). The full width
at half maximum (FWHM) of the (0002) peak for the Ga-face and the N-face were measured
to be 126 and 153 arc sec, respectively. The typical dislocation density for both the Ga and
N-face was lower than 107 cm-2. The samples were doped with Si. The electron concentration
and mobility obtained from Hall measurement at room temperature were 1.5x1017 cm-3 and
825 cm2/Vs, respectively.

www.intechopen.com

46

Semiconductor Laser Diode Technology and Applications
0.8

Ti/Al on Ga polarity
o
RTA at 500 C
o
RTA at 700 C
o
RTA at 900 C

0.6

Current (mA)

0.4
0.2
0.0

Ti/Al on N polarity
o
RTA at 500 C
o
RTA at 700 C
o
RTA at 900 C

-0.2
-0.4
-0.6
-0.8

-0.75 -0.50 -0.25

0.00

0.25

0.50

0.75

Voltage (V)
Fig. 17. Current–voltage (I-V) curves for the Ti/Al contacts on Ga- and N-face n-GaN
annealed for 30 s at various temperatures.
Figure 17 shows I-V characteristics of the Ti/Al contacts deposited on both the Ga-face and
N-face n-GaN substrate. The Ti/Al contacts displayed non-linear I-V curves after annealing
at 500 °C for 30 s for both the contacts on the Ga-face and N-face n-GaN, as shown in Fig. 17.
The I-V curve became linear for the Ti/Al contacts on Ga-face n-GaN after annealing at 700
and 900 °C for 30 s. These are well matched to the previous results, where the Ti/Al contacts
became ohmic after annealing at temperatures higher than 600 °C.[47,48] However, the
Ti/Al contacts on N-face n-GaN still exhibited non-linear I-V relations and the slope of the IV curve deceased after annealing at 700 °C, as shown in Fig. 17.
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Fig. 18. Variation of currents measured at a bias voltage of 0.1 V between two Ti/Al contact
pads deposited on Ga- or N-face n-GaN as a function of annealing temperatures.
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Fig. 19. Current measured at a bias voltage of 0.1 V between two Ti/Al contact pads
deposited on Ga-face or N-face n-GaN as a function of the annealing time.
Figure 18 shows the variation of currents measured at a bias voltage of 0.1 V between two
Ti/Al contact pads as a function of annealing temperatures. As shown in Fig. 18, the
dependence of measured currents on annealing temperature is very different for the
Ti/Al contacts on Ga-face n-GaN substrate compared to those on N-face n-GaN. For
contacts on Ga-face n-GaN, the currents increased drastically with increasing annealing
temperature from 500 to 600 °C, and contact resistivity of 2x10-5 Ω-cm2 was measured
from TLM after 30 s anneals at 600-800 °C. A further increase in annealing temperature
resulted in a reduction in the measured current. For the Ti/Al contacts on N-face n-GaN
substrate, the current at 0.1 V after annealing for 30 s at 500 °C was similar to that
obtained for contacts on Ga-face n-GaN, as shown in Fig. 18. The measured current,
however, dropped by one order of magnitude after 30 s anneals at 600 °C, as shown in
Fig. 18. The minimum current of 300 nA at 0.1 V was obtained after 30 s anneal at 700 °C,
which is four orders of magnitude lower than that obtained for the contacts on Ga-face nGaN substrate, as shown in Fig. 18.
The most significant difference in the results shown in Fig. 18 is evident after annealing
ranged from 500 to 600 °C. Contacts were further annealed at 500 °C, and currents at 0.1 V
were measured after various time intervals, as shown in Fig. 19. The dependence of the
measured currents on annealing time is very different for the Ti/Al contacts on the Gaface n-GaN compared to those on the N-face n-GaN. For the contacts on the Ga-face nGaN, the currents increased drastically after annealing for 10 min at 500°C, and the
measured current at 0.1 V was 3 mA. For the Ti/Al contacts on the N-face n-GaN,
however, the measured current dropped by one order of magnitude after 90 min anneals
at 500 °C, as shown in Fig. 3. The measured current of the contact on the N-face n-GaN
was 313 nA at 0.1 V, which is four orders of magnitude lower than that obtained for the
contact on the Ga-face n-GaN. Figure 3 clearly shows that the dependences of the
electrical properties of the Ti/Al contacts on annealing time are opposite, depending on
the polarity of the n-GaN wafer.
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Fig. 20. I-V characteristics of the Ti/Al Schottky diodes produced on N-face n-GaN.
For further investigation of the electrical properties of the Ti/Al contacts on the N-face nGaN, Schottky barrier heights were measured using current-voltage measurements, and the
results are displayed in Fig. 20. For measuring the barrier height, we deposited Ti/Al
contact on the Ga-face n-GaN and annealed it at 700 °C for 30 s; it became ohmic with a low
contact resistivity. Ti/Al contacts with a 180-µm diameter were produced on the N-face nGaN. The Ti/Al contacts on the N-face n-GaN after annealing at 500 °C for 30s, as shown in
Fig. 20, did not show a linear region in lnI-V graph, although the contacts annealed at 500 °C
for 90 min displayed a linear region, which is characteristic of a Schottky diode. The barrier
heights and ideality factors of the Ti/Al contacts on the N-face n-GaN annealed at 500 °C for
90 min were calculated to be over 0.7 eV and 1.67, respectively.
Luther et al. have characterized the interface of the Ti/Al and Pd/Al contacts on GaN, and a
very thin layer of AlN has been observed at the interfaces of Ti/Al contact as well as Pd/Al
contact annealed at 600 °C.[49] We also analyzed the Ti/Al on N-face n-GaN using field
emission Auger electron spectroscopy, and found that Al peak was detected at the surface of
GaN after annealing at 600 °C for 30 s.[50] As for the role of a thin AlN layer at the interface
between Ti/Al or Pd/Al contacts and GaN, Luther et al. suggested that the formation of thin
AlN layer (2-3 nm) could affect the band lineup between the metal contact and n-GaN by
eliminating any Fermi level pinning at the metal/GaN interface, or could lower the barrier
height, as is the case for other metal-insulator-semiconductor structures.[47,49] This
suggestion can explain the formation of ohmic contact for the Ti/Al on Ga-face n-GaN
substrate, meanwhile it cannot elucidate the production of Schottky contacts for the Ti/Al
on N-face n-GaN observed in this study. Another possible explanation for the role of a thin
AlN layer on the formation of the ohmic or Schottky contacts of Ti/Al depending on crystal
polarity is production of opposite piezoelectric field at the AlN/GaN interface resulted from
different polarity of GaN. Figure 21 shows the schematic diagrams of carrier transport
mechanism for Ti/Al contacts to Ga-face and N-face n-GaN. Asbeck et al. reported that
AlGaN/GaN heterostructure with Ga polarity increased the density of two-dimensional
electron gas (2-DEG) by addition of the piezoelectrically-induced donor.[51] The addition of
the piezoelectrically-induced donor occurs only in strained heterostructure with Ga polarity.

www.intechopen.com

Carrier Transport Phenomena in Metal Contacts to AlInGaN-Based Laser Diodes

49

Indeed, Luther et al. reported that the thin AlN produced by the reaction between Ti/Al or
Pd/Al on GaN is under strain.[51] The increase of sheet carrier density at 2-DEG reduces
Schottky barrier width and enhances tunneling of carriers through the barrier, followed by
producing ohmic contacts. However, AlGaN/GaN heterostructure with opposite polarity
can increase Schottky barrier height by canceling of the 2-DEG. Gaska et al. suggested that
the opposite direction of piezoelectric field in Al0.2Ga0.8N/GaN heterostructure increased the
barrier heights by more than 0.7 eV. [52] In addition, Yu et al. increased the barrier heights of
Ni in AlGaN/GaN heterostructure by 0.37 eV using the piezoelectric effect.[53] In this
study, we observed high barrier heights over 1 eV for the Ti/Al or Pd/Al contacts on N-face
n-GaN substrate. Therefore, the opposite electrical properties of the Ti/Al contacts
depending on crystal polarity was observed in this study, which can be explained the
opposite piezoelectric field in AlN/GaN heterostructure relying on crystal polarity of the
free-standing n-GaN substrate.
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Fig. 21. Schematic diagram of carrier transport mechanism for Ti/Al contacts to Ga-face and
N-face n-GaN.
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function of annealing temperature.
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Based upon the carrier transport phenomena of Ti/Al contacts to N-face n-GaN, we have
investigated on the In-based ohmic contacts to N-face n-type GaN. The In/TiW scheme on
the N-face n-GaN resulted in a low specific contact resistance of 2.2×10-4 Ω-cm2 after
annealing at 300 °C. These results suggest that In/TiW scheme is a promising ohmic contact
scheme for N-face n-GaN for AlInGaN-based LDs.

4. Summary
In this chaper, we have discussed the carrier transport phenomena at the interface between
metal and p-GaN as well as n-GaN, in order to achieve high-quality ohmic contacts to
AlInGaN-based LDs. Abnormal dependence of contact resistivity on hole concentration was
observed in the carrier transport at the interface between metal and p-GaN. This abnormal
behavior was understood by predominant current flow at the metal/p-GaN contact layer
interface through a deep level defect band, rather than the valence band, after the
consideration of the influence of micro-structural defects and deep level defects on the
carrier transport. Based on the understanding of carrier transport phenomena in metal
contacts to p-GaN contact layer, a new design p-GaN contact layer having a thin high [Mg]
cap layer was introduced to minimize operating voltage of AlInGaN LD. In use of a free
standing GaN wafer for AlInGaN LDs, Ti/Al contacts to N-face n-GaN exhibited nonlinear
current-voltage curve and high Schottky barrier heights, meanwhile they produced good
ohmic contacts to Ga-face n-GaN. This crystal-polarity dependence of Ti/Al contacts to freestanding n-GaN substrate was understood by opposite piezoelectric field at GaN/AlN
heterostructure resulted from different polarity of the GaN substrate. Further work is
underway that will enhance our understanding of carrier transport phenomena at the
interface between metal and p-GaN as well as n-GaN for future AlInGaN LD applications.
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