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Low-resistance ohmic contacts are demonstrated usingpthype InGaN layers op-type GaN. It

is shown that the tunneling barrier width is drastically reduced by polarization-induced electric
fields in the strained InGaN capping layers resulting in an increase of the hole tunneling probability
through the barrier and a significant decrease of the specific contact resistance. The specific contact
resistance of Ni(10 nm/Au (30 nm contacts deposited on the InGaN capping layers was
determined by the transmission line method. Specific contact resistances<dfQL.2 () cn? and

6x103 O cn? were obtained for capping layer thicknesses of 20 nm and 2 nm, respectively.

© 2002 American Institute of Physic§DOI: 10.1063/1.1445807

The performance of devices fabricated from GaN andThe two p-type layers were Mg doped to a concentration of
related compounds is strongly affected by the resistancesboutNy,=3x 10'® cm 3 as determined from capacitance—
caused by electrical contacts. To avoid excessive heating reoltage measurements.
sulting in failure of the device, specific contact resistances in -~ Ni(10 nm/Au (30 nm contacts were deposited by
the order of< 102 Q cn? for light-emitting diodeSLEDS)  electron-beam evaporation using lift-off photolithographic
and <10~ * Q cn? for laser diodes are requirédThis ap-  techniques. The contacts were square-shaped padsu(h80
plies in particular to ohmic contacts gratype GaN p-GaN)  x 180um) separated by 2, 4, 6, 8, 10, and A& wide gaps
due to the resistive nature of GaN obtained by standar@etween the pads. To remove surface oxide layers the
p-type doping technique's’ samples were dipped in a buffered-oxide etch solution for 3

Several methods have been utilized to attain low specifignin prior to mounting them in the deposition chamber. Sub-
contact resistances pGaN such as deposition of high work sequently, the contacts were annealed for 3 min in a rapid
function_metals”,growth of AIGaN/GaN6 superlatticdS and  thermal annealing fumace at 500°C in an oxygen atmo-
tunnel-diode structures on top pfGaN. _ sphere. The contact resistances were determined from

In this publication, the use of thin |g _,N capping ¢ rent_voltage I(-V) measurements using  the
layers pseudomorphically grown on top pftype GaN is transmission-line metho@rLM).

presented. Strain-induced piezoelectric as well as spontane- Figure 1 shows the band diagram of an elastically

ous polarization fields in the InGaN capping layer and the_, _. ol .
lower p-GaN layer cause band bending that leads to the for_stramed, 20 nm thiclp-type Iy 21537\ capping layer on

mation of a two-dimensional hole g&2DHG).” As a result, top of relaxedp-GaN, self consistently calculated by solving

. ) the coupled Schroedinger Poisson equations in one
the concentration of free holes near the surface is greatly, . ; .
: . . . imensiorf We used a uniform Mg dopant concentration of
increased and the tunneling barrier width of the metal—

semiconductor contact is reduced, thereby allowing for a

high hole tunneling probability through the barrier. The 4 T ; T
theory describingp-type ohmic contacts tp-GaN by using |P-Ing 27Gag 73N (20 nmy/p-GaN (130 nm)] 1
thin In,Ga, _«N capping layers will be presented together 3 =
) , : - T=300K -
with experimental results demonstrating the capability of the / T B
approach in achieving low contact resistances. 2 2 Ec 1 <
The samples were grown by metalorganic chemical va- = X i g
por deposition along the direction on top of single crystal- z . g
line sapphire substrates. The grown structures consist of a 4 é 0 Ex y ] o1 ;
um thick n-type GaN layer, a five pair multiquantum well & E, i =
LED with barrier/well widths of 7.5 nm/2.5 nm, respectively, -1 d1019 %
a 20 nm A} 1:Ga g\ electron blocking layer, a 130 nm / P eommm— |7§
thick p-type GaN upper cladding layer and ptype 2 / | 110 S
Ing ,:Ga 74N capping layer that is either 2 or 20 nm thick. 0 10 20 30 40
DEPTH d [nm]
¥Electronic mail: gessmann@bu.edu FIG. 1. Self-consistently calculated band diagram and free hole concentra-
YAlso at: Department of Physics, Boston University, Boston, Massachution p of a 20 nm thickp-type Iny »:Gay 7\ layer grown pseudomorphically
setts 02215. on p-type GaN with a dopant concentration of'i@m™3.
0003-6951/2002/80(6)/986/3/$19.00 986 © 2002 American Institute of Physics
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FIG. 2. Dependence of the 2DHG densipgpng, on the InGaN capping
layer thicknesd for different indium contentx of the capping layer. The

dashed curves correspond to the area of the peak in the self-consistently

calculated depth distribution of the hole concentrafp(see Fig. 1, the
solid lines are numerical solutions of E(d).

Nug= 10" cm®. Also included in Fig. 1 is the calculated
depth dependence of the hole concentrafion

It is evident that the strong band bending in the
Ing ,:Ga 74N capping layer induced by the polarization fields

results in a peak of the hole distribution close to the InGaN/

GaN interface indicating the formation of a 2DHG. The band
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FIG. 3. 1=V curves measured on InGaN/GaN sample$ai? nmthick (a)

bending reduces the width of the tunneling barrier which carand a 20 nm thickb) Ing ,/Ga, ;4N capping layer.

be estimated as the barrier thicknegsat half the Schottky
barrier height. From Fig. 1, we find* ~5 nm. This com-
pares favorably to a calculated value of about 10 nm ob
tained for ap-type GaN structure without any capping layer.
Figure 2 shows the 2DHG density;pns, as a function
of the thicknessd, and the In contenty, of the InGaN cap-
ping layer. The values fao,pg have been calculated either
by integrating the peak area of the hole concentrafidn
Fig. 1 or by numerically solving the equation of energy con-
servation for a hole moving in the direction through the
InGaN capping layer

@

In Eq. (1), eis the positive elementary chargk, .y denotes
the thickness of the capping layé&r,is the vector of the total
electric field in the capping laye® is the Schottky barrier
height, E,, is the valence band energig- and E, are the

e(DB"‘ eEd|nGaN+ (Eo_ Ev) + (EF_ Eo) =0.

EG.incan @nd xngan iN EQ. (28) are the band gap energy and
the electron affinity of the k,/Gay,-d\N capping layer, and
d,, is the work function of the contact metal. The electron
affinity x;ncan CaN be calculated from Anderson’s rilesing

a conduction band offset at theylyyGa, ;4N/GaN interface
according to 0.X(Eg gcan— Ec.incan). The subscripts “Sp”
and “Pz”in Eq. (2b) correspond to the electric fields induced
by the spontaneous and piezoelectric polarizatiangan
=10.4+3.9x0.27 is the relative dielectric permeability of
the Iny ,-Gay 7N capping layer.

In Eqg. (20, E;—E, was obtained using the Fang—
Howard approximatiol? for energy states in a triangular
well. The effective hole mas®* is taken equal to the free
electron massny and# is Planck’s constant divided byn2
Er—E, in Eq. (2d) was calculated using the high-density
approximation of the Fermi—Dirac distribution and the two-

Fermi energy and the energy of the 2DHG groundstate, redimensional(2D) density of hole stateg,p=m*/(7#2).
spectively. The different contributions to the left-hand side incomparison of the analytical results with the self-

Eq. (1) are given by

edbg=Eg incan—&(Py— Xingan)» (28
€P2pHG
E=Espncant Epzncan~ Esp,can™ ———, (2b)
InGaN
3[3 e 23
Eo—Ev=5|5 ————==P2pHc| - (20
2|2 epngan/m*
wh?
EF_EOZWpZDHG- (2d)

consistently calculated results shown in Fig. 2 reveals good
agreement. Minor differences can be attributed to differences
in doping concentration.

The 1-V characteristics of the contacts to both
Ing »/Ga 79N capping layers are linear for all the contact pad
separationgsee Fig. 3 However, at the same voltages, the
current through the thick capping layer is about one order of
magnitude smaller compared to the thin capping layer.

The pad-to-pad resistances calculated froml the data
for different pad separations are shown in Fig. 4 together
with results of the TLM analysis of these data. The specific
contact resistance,=6x 10 2 Q) cn? for the 2 nm-capping
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_ T T T T Y the thickness of the InGaN capping layer from 20 to 2 nm,
g E%ﬁgj;‘é‘a{j;igé 131r0n0)/I;-)GaN(130 nm) (a) however, the contact resistance changed only by a factor of
:& 20 H = 6x10° Qem? 0.5; this might indicate limitations to the hole transport not
g R =13x105Q/00 taken into account by E@3) possibly caused by defects such
£ ISHL=213um as dislocations in the InGaN capping layers or by approach-
% 0 ing the critical thickness in the 20 nm thick capping layer.
2 In conclusion, we have shown a method utilizing the
& 5 polarization in thin InGaN capping layers pseudomorphically
a grown on top ofp-type GaN as a way to reduce the specific
£ 0 e contact resistance. THe-V curves of all contacts are strictly

30 TLM analysis (T=300K) A linear indicating excellent ohmicity of the contacts. Specific
- p-[nOAz-,G;;JgN (20 nm)/p-GaN (130 nm) / contact resistances 0p,=6X 102 Q cn? and pc=1.2
2 2501, _12x10% Qem? . 7 X 1072 Q cn? have been obtained for capping layer thick-
:& 200 lzsfg-z;loﬁﬂlﬂ 1/ (b) nesses of 2 nm and 20 nm, respectively. These results are
g [ / consistent with strong band bending in the capping layer
é 150 Pt region induced by polarization fields. As a result, the tunnel-
g 8 ing barrier width is reduced and the concentration of free
2 100 / holes increased. Further improvement of the specific contact
§ (] resistance at least into the 10 cn? range is expected by
4 50 optimizing the thickness and surface morphology of the cap-
- ping layer.
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FIG. 4. Pad-to-pad resistancBg, obtained from thé -V curves in Fig. 3.

The straight-line fits to the datgolid lineg are analyzed using the TLM

model. The values obtained for the specific contact resistancéhe sheet .
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