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Abstract: Specific  contact  resistance  to  p-GaN  was  measured  for  various  structures  of  Ni/Pd-based  metals  and  thin  (20–
30 nm thick) p-InGaN/p+-GaN contacting layers. The effects of surface chemical treatment and annealing temperature were ex-
amined. The optimal annealing temperature was determined to be 550 °C, above which the sheet resistance of the samples de-
graded  considerably,  suggesting  that  undesirable  alloying  had  occurred.  Pd-containing  metal  showed  ~35%  lower  com-
pared to that of single Ni.  Very thin (2–3.5 nm thick) p-InGaN contacting layers grown on 20–25 nm thick p+-GaN layers exhib-
ited one to two orders of magnitude smaller values of  compared to that of p+-GaN without p-InGaN. The current density de-
pendence  of ,  which  is  indicative  of  nonlinearity  in  current-voltage  relation,  was  also  examined.  The  lowest  achieved
through this study was 4.9 × 10–5 Ω·cm2 @ J = 3.4 kA/cm2.
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 1.  Introduction
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GaN-based III-nitride is  a wide bandgap material  that has
a wide range of applications in optoelectronics and power elec-
tronics,  such  as  light  emitting  diodes(LEDs)[1],  laser  diodes
(LDs)[2],  and  high  electron  mobility  transistors  (HEMTs)[3].  The
p-GaN  ohmic  contact  is  an  essential  technology  to  improve
the  performance  of  GaN-based  lasers.  The  operating  current
density  of  the  laser  is  usually  several  kA/cm2.  Under  such
high current  injection,  the device will  seriously  heat,  which is
detrimental  to  the  lifetime  and  reliability  of  these  devices.
Therefore,  the  specific  contact  resistance  should  be  desirably
smaller  than 10–4 Ω·cm2 to  reduce the  heat  generation[4].  For
the contact  to  n-GaN,  specific  contact  resistivity  on the order
of  10–5–10–6 Ω·cm2 are  easily  obtained  by  applying  Ti/Al,
Ti/Au,  or  Ti/Al/Ni/Au metal  schemes[5, 6].  Compared to  n-GaN,
it is much more difficult to achieve low resistance ohmic con-
tacts  to  p-GaN.  The  valence  band  of  p-GaN  is  located  at  a
quite deep level  relative to the vacuum level,  and it  is  gener-
ally  much  deeper  than  the  Fermi  levels  of  any  metals.  There-
fore, metals with a large work function, such as Ni and Pd, are
preferred for making ohmic contact to p-GaN. In addition, the
activation  energy  of  Mg  in  p-GaN  is  quite  large  ~160  meV[7],
which  makes  it  difficult  to  obtain  a  high  hole  concentration
in  p-GaN.  Researchers  have  tried  various  methods  to  solve
this  problem,  such  as  different  metal  schemes[8−11],  alloying
conditions[12, 13], surface pretreatment[14−16], and so on. Kumak-
ura et  al.  formed  ohmic  contacts  to  p-GaN  using  strained
InGaN  contact  layers,  reporting  as-deposited  as  low  as
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10–6 Ω·cm2;  however, they also reported thermal instability of
the  contacts;  when  the  measurement  temperature  was elev-
ated  up  to  400  °C,  the  value  of  increased  to  a  level  of
10–4 Ω·cm2[17].

In  this  paper,  Ni/Pd-based  metals  with  p-InGaN/p+-GaN
composite  contacting  layers  exhibiting  ohmic  characteristics
to  p-GaN  are  reported.  Compared  to  the  contact  layer  struc-
ture  of  Kumakura  et  al.,  we  inserted  a  heavily  Mg-doped  p+-
GaN  layer  in  between  p-InGaN  and  p-GaN.  The  effect  of  sur-
face  treatment  and  annealing  temperature  were  examined
first.  Low  contact  resistance  can  be  obtained  by  optimizing
the  structures  of  contacting  layers  and  the  metal  stacks.  The
current  density  dependence  of  the  specific  contact  resist-
ance is also reported.

 2.  Experiment methods

The  p-GaN  samples  were  grown  on  c-plane  free-stand-
ing  (FS-)  GaN  substrates  using  metal-organic  chemical  vapor
deposition  (MOCVD).  Trimethy  or  triethyl  gallium  (TMGa/
TEGa),  ammonia (NH3),  trimethylindium (TMIn),  and bis-cyclo-
pentadienyl magnesium (Cp2Mg) were used as the source ma-
terials for Ga, N, In, and Mg, respectively. A 1 μm unintention-
ally  doped  GaN  grown  on  FS-GaN  substrate  at  1000  °C,  fol-
lowed by 500 nm-thick Mg-doped p-GaN or 500 nm-thick p-Al-
GaN  (2.5  nm)/p-GaN  (2.5  nm)  superlattice  (SL)  and  20–25  nm
heavily  Mg-doped  p+-GaN  were  grown  at  850  °C,  finally,
thin  (2–3  nm)  p-InGaN  was  grown  at  740  °C.  The  Mg  con-
centration  in  p-GaN  and  p-AlGaN/GaN  SL  were  around  1  ×
1019 cm–3,  as  evaluated  by  secondary  ion  mass  spectroscopy
(SIMS).
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We  used  the  circular  transmission  line  model  (c-TLM)  to
calculate the specific contact resistance  to characterize the
ohmic  properties  of  the  contacts,  and  the  total  resistance
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between the two contacts is given by: 

Rt =
Rsh

π
[ln (Rr ) + Lt ( R +


r )] , (1)

 

Lt =
√
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Rsh
, (2)

where Rsh is  the sheet resistance of the p-GaN, Lt is  the trans-
fer  length, r and R are  the  inner  and  outer  radii  of  the  circu-
lar pads in the c-TLM patterns.

Prior  to  metal  deposition,  the  samples  were  annealed  at
500  °C  in  a  tube  furnace  in  dry  air  to  activate  Mg  by  remov-
ing  H  from  the  p-type  samples.  This  tube  furnace  was  also
used to anneal the contacts. The circular transmission line pat-
terns  were  formed  by  standard  photolithographic  technique,
with a contact inner radius (r)  of 150 μm and spacing (d) ran-
ging  from  5  to  40 μm,  respectively.  Then,  the  metal  films
were  deposited  by  an  electron  beam  evaporation  system
(Ei-5z).  Ni/Au  (20  nm/200  nm)  or  Ni/Pd/Pt/Au  (2  nm/60  nm/
20  nm/200  nm)  films  were  deposited  under  the  pressure  of
3.75  ×  10–6 Torr.  These  two  metal  schemes  are  subsequently
simplified as “Ni 20” and “Ni/Pd 2/60”, respectively. The electric-
al  properties  of  contacts  were  measured  by  an  Agilent
B1500A  semiconductor  parametric  analyzer  employing  a
four-probe  method.  Scanning  transmission  electron  micros-
copic  (STEM)  images  combined  with  energy-dispersive  X-ray
spectroscopic  (EDX)  scans  were  used  to  analyze  the  metal/
p-InGaN interfaces.

Fig.  1 shows  the  schematic  of  the  sample  structure  and
the  c-TLM  geometrical  pattern.  The  ohmic  characteristics  for
three structures listed in Table 1 were mainly compared.

 3.  Results and discussion

The  effect  of  annealing  temperature  and  chemical  sur-
face treatment were examined first using several wafers,  hav-

ing an identical contacting design to sample B (including differ-
ent  runs).  The  annealing  temperature  (TA)  was  varied
between 300 and 650 °C, and the annealing time was fixed to
5 min.
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As  shown  in Fig.  2(a),  the  sheet  resistance  increases  rap-
idly  when  the  temperature  exceeds  550  °C.  From  the  c-TLM
data  at  550  and  650  °C  in Figs.  2(c)  and 2(d),  respectively,  it
can  be  seen  more  intuitively  that  although  the  specific  con-
tact resistance judged by the intercept of vertical axes is simil-
ar,  the  slope  corresponding  to  the  sheet  resistance  for  the
650  °C  line  becomes  much  steeper  than  the  as  deposited
slope.  Meanwhile,  the  line  of  annealing  temperature  below
550 °C basically shifted downwards in parallel to the as depos-
ited  line,  indicating  only  the  reduction  of  the  contact  resist-
ance while maintaining the sheet resistance. Although this phe-
nomenon has not yet been fully understood, undesirable alloy-
ing  into  the  p-GaN  possibly  occurred  because  the  temperat-
ure was too high, which destroyed the thin InGaN layer and de-
graded  the  sheet  resistance  in  the  p-layer,  or  it  might  be  re-
lated to the oxidization of the sample surface in the spacing re-
gion  exposed  to  the  air.  Therefore,  550  °C  can  be  determ-
ined  as  the  optimum  annealing  temperature  for  the  Ni  20
case,  and  the  optimum  annealing  temperature  for  the  Ni/Pd
2/60 nm case is also expected to be the same as for the Ni 20
nm case because the actual metal in contact directly with the
semiconductor  surface  is  both  Ni  metal  in  the  two  cases.
Next,  we  checked  the  effect  of  chemical  surface  treatment.
HCl+H2O  (1  :  1)  treatment  just  prior  to  the  metal  deposition
makes the initial  level smaller by a factor of ~3, but at high
annealing  temperatures,  becomes  eventually  similar  to
those without surface treatment as shown in Fig. 2(b). The sur-
face treatment can only partly remove the contamination lay-
er,  and  the  annealing  at  the  optimal  temperature  appears
more  effective  in  making  better  contacts  between  semicon-
ductor and metal.
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In  addition  to  the  Ni/Au  metal,  Pd-based  contacts  were
also  examined.  In  our  laboratory,  Pd  metal  directly  contact-
ing  to  the  InGaN  surface  often  faced  a  serious  problem  of
poor adhesion and peeling-off of the metal from the semicon-
ductor surface easily happened. Consequently, making use of
the  good  adhesive  nature  of  Ni,  a  thin  Ni  was  inserted
between  InGaN  and  Pd  in  order  to  help  improve  the  adhe-
sion  property  of  the  contacts.  Samples  having  identical  con-
tacting  layer  design  to  sample  B,  without  surface  treatment
were used to extract  the difference between Ni  20 and Ni/Pd
2/60.  The  initial  values  of  were  a  little  different  among
these  samples  within  a  factor  of  1.7.  Therefore,  the  data  in
Fig.  3 were made by shifting the trend vertically along the 
axis  so  that  the  initial  levels  align  to  the  same  level  at  2  ×
10–3 Ω·cm2 to  make  an  exact  comparison  between  different
metals.  As  can  be  seen  in  the  figure,  the  difference  was  not
so  large  but  the  temperature Tc at  which  starts  to  de-
crease and the decreasing rates  are a  little  different  for  these
two  metal  schemes.  In  the  case  of  Ni  20, Tc is  about  320  °C

Table 1.   Details of the structures of Ni/Pd-based metals and p-InGaN/p+-GaN contacting layers.

Sample dp+-GaN (nm) [Mg]p+-GaN (1020 cm–3) dp-InGaN (nm) [Mg]p-InGaN (1019 cm–3) Xp-InGaN (%) Metal scheme Surface treatment

A 25 1 – – – Ni 20 w/o
B 20 1 3.5 8 7 Ni 20 w/o
C 22 1 2 4 20 Ni/Pd 2/60 w

 

Fig. 1.  (Color online) Schematic illustration of the contact layer struc-
ture and c-TLM pattern used to measure contact resistance.
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and the rate  of  decrease is  ×  0.54 per  100 °C,  while  for  Ni/Pd
2/60, Tc is 305 °C, and the rate of decrease is × 0.44 per 100 °C
increase.  Eventually,  becomes  ~35%  lower  for  Pd-contain-
ing metal  compared to  that  for  single  Ni  at  the  optimum an-
nealing temperature of 550 °C.
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Fig. 4 (a) shows a comparison in  plotted against the an-
nealing  temperature  for  the  three  structures  of  different
metals  and  p-InGaN/p+-GaN  contacting  layers  as  listed  in
Table 1. When comparing the  values, if the values of 550°C
are taken,  then the effect of  surface treatment can be elimin-
ated (as  mentioned above).  Then,  the  only  contribution from
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the  different  metals  must  be  taken  into  account.  Con-
sequently, the ratios of  for samples B and C relative to that
of sample A becomes 0.17 and 0.028, respectively, if a 35% re-
duction of  from Ni/Au to Ni/Pd is taken into consideration.
This  indicates  that  the  specific  contact  resistance  of  the  p-In-
GaN/p+-GaN  contacts  can  be  lower  by  one  to  two  orders  of
magnitude compared to the p+-GaN contact.

To  understand  these  results  qualitatively,  the  valence
band  curves  around  the  depletion  region  near  the  contact-
ing  interface  are  simulated  as  shown  in Fig.  4(b).  Since  GaN
has  a  large  bandgap  of  3.4  eV  and  an  electron  affinity  of
4.1  eV,  the  depth  of  the  valence  band  of  p-GaN  relative  to
the  vacuum  level  amounts  as  large  as  7.5  eV[18].  In Fig.  4(b),
the  red  solid  line  indicates  the  valence  band  of  p-In0.2Ga0.8N
(4  ×  1019 cm–3)/p+-GaN  (1  ×  1020 cm–3)  of  sample  C,  the
blue  broken  line  is  the  valence  band  of  p-In0.07Ga0.93N  (8  ×
1019 cm–3)/p+-GaN (1 × 1020 cm–3)  of  sample B,  and the black
line is  that of p+-GaN (1 × 1020 cm–3)  of  sample A.  In the case
of the p-InGaN/p+-GaN contacting layer, the large band bend-
ing occurs due to the large piezoelectric polarization field to-
gether  with  the  electric  field  due  to  the  ionized  acceptors  in
the interface depletion layer.  However,  the depletion layer  of
a single p+-GaN contact layer is mainly determined by the ion-
ized  impurity  charge.  Thus,  according  to  our  estimate  shown
in  the  figure,  the  effective  width  of  the  depletion  region  to-
gether  with  the  barrier  height  becomes  smaller  in  the  order
from A through B to C, which enhances the tunneling probabil-
ity  and  consequently  leads  to  a  lower  contact  resistance.
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Fig. 2. (Color online) (a) The measured values of sheet resistance after annealing at various temperatures. (b) Comparison of the annealing temper-
ature dependence of  between with and without the chemical surface treatment. (c, d) c-TLM-data examples for annealing temperature of 550
and 650 °C, respectively.

 

ρcFig. 3. (Color online) Comparison of TA-dependence of  between Ni
20 and Ni/Pd 2/60 contacts.
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Here,  the  conduction-to-valence-band  offset  ratio  of  the
GaN/InGaN interface was assumed as  ΔEc :  ΔEv =  60 :  40,  and
the  polarization  field  in  the  In0.07Ga0.93N  and  In0.2Ga0.8N  were
assumed  as  1.1  and  3.4  MV/cm[19],  respectively.  And  the  Fig.
is drawn using the 5.2 eV work function of Pd.

The  p-InGaN/p+-GaN  contacting  layer,  of  which  InGaN
had the same design as the best structure reported by Kumak-
ura et al.[17] coupled with the Ni/Pd 2/60 metal scheme, exhib-
ited the lowest specific contact resistance of 4.9 × 10–5 Ω·cm2

in  this  study.  Furthermore,  this  specific  contact  resistance
should be thermally stable because the contact has already ex-
perienced a thermal annealing at 550 °C for 5 min.

Next,  energy-dispersive  X-ray  spectroscopy  (EDX)  was
performed for  sample C annealed at  550 °C,  to watch the ex-
tent  of  atomic  inter  diffusion.  The  STEM  image  is  shown  in
Fig.  5(a).  The  inset  is  an  enlarged  view  of  the  black  squared
area,  and it  can be seen that the thickness of the InGaN layer
is  about  1.8  nm,  which  is  consistent  with  the  designed thick-
ness of 2 nm, and the thin InGaN is confirmed to be surely re-
maining after the activation and annealing processes. Further-
more,  no  significant  inter  diffusion  between  metal  and  semi-
conductor  (alloying)  was  observed  in  the  EDX  scans,  as
shown  in Fig.  5(b).  Meanwhile,  Pd  metal  is  observed  to  have
diffused through the thin Ni and have touched to the semicon-
ductor  surface.  Thin  Ni  layer  not  only  improves  the  adhesion
of the contact but also allows Pd diffusing into the metal-semi-

conductor  interface  to  make  direct  contact  with  p-InGaN,
which improves the contact performance.
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Finally,  the dependence of  on the current density was
also examined. When current-voltage characteristics are meas-
ured  with  a  fixed  voltage  range,  the  current  density  flowing
through each ring in the c-TLM becomes different because of
the  different  contribution  of  sheet  resistance  (different  gap
length).  Therefore,  the  current  voltage  characteristics  were
reexamined with fixed the current levels, under pulsed condi-
tion (pulse width:  500 μs,  pulse interval:  500 ms) to avoid the
influence  of  heating  effect.  The  results  are  shown  in Fig.  6.
The  obtained  did  actually  depend  on  the  current  density,
which  is  indicative  of  some  nonlinearity  in  the  current-
voltage relation as  has  been pointed out  by  Weimar et  al.[20],
even when the  level is very low. This means that, to be ac-
curate,  a  value  must  be  stated  with  a  measuring  value  of
current density.

ρc

ρc/A
The  lowest  obtained  here  correspond  a  value  meas-

ured at 3.4 kA/cm2, which is close to the typical operating cur-
rent  density  of  LDs.  Then,  the  voltage  drop  due  to  the  con-
tact resistance for a typical  LD stripe with contact area of  1 ×
10–4 cm2 can  be  estimated  as  ~  0.12  V,  which  is  small
enough for practical use.

 4.  Conclusion

In  summary,  ohmic  contacts  formed  using  various  struc-

 

ρcFig. 4. (Color online) (a) Comparison of –TA relation among three samples listed in Table 1. (b) Simulated valence band curves near the contact
depletion region for the three samples.

 

Fig. 5. (Color online) (a) STEM cross-sectional image of the sample C annealed at 550 °C. (b) EDX line analysis of Ga, In, Ni, Pd, Pt, and Au recorded
along the blue arrow in Fig. 5(a).
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tures  of  Ni/Pd-based  metals  and  p-InGaN/p+-GaN  contacting
layers  were  studied.  The  surface  treatment  makes  the  initial

 much smaller,  but  at  a  high annealing temperature  be-
comes similar to the untreated one. Compared with single Ni,
Pd-containing  metals  exhibited  better  ohmic  contact  proper-
ties.  By  optimizing  the  annealing  temperature  and  appropri-
ately  designing  the  contacting  layers,  the  lowest =  4.9  ×
10–5 Ω·cm2 @ J = 3.4 kA/cm2 could be obtained at 550 °C. The
thin  p-InGaN  contacting  layer  was  proven  to  be  quite  effect-
ive in realizing a good ohmic contact to p-GaN.
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ρcFig. 6. (Color online) The specific contact resistance  as a function of
current density.
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