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Abstract--The contact properties of various metal combinations, deposited by vacuum evaporation on inP, were 
studied. Among these metal combinations, AulGe + Ni and Au/Zn proved to be most suitable. The former on n-lnP 
(n = 8 x  101*/cm 3) and the latter on p-lnP (p = 9x 10t~/cm3) exhibited specific contact resistances as low as 
1.2x 10 .-6 and !.1 x 10-4flcm 2, respectively. The specific contact resistances were analyzed using a four-point 
method which also accounts for the spreading resistance. Furthermore, the resistances of metal contacts to lnP 
were calculated as a function of doping concentration and were compared with the experimental results. The 
described contacting technique was successfully applied to the preparation of quaternary lasers. 

l. INTIIODUCTION 

Ohmic contacts to lnP with low specific contact resis- 
tance are especially required for InP/Int_xGaxPt_yAsy 
laser diodes because of the high current density used in 
these devices. A realistic threshold current density of 
4 kA/cm" in narrow stripe quaternary lasers combined 
with typical specific contact resistances pc(n+-InP)= 
10--4flcm 2 and pc(p+-InP)= 10 -3 flcm 2 yields a voltage 
drop of 0.4V and 4V at the n +- and p÷-InP contacts, 
respectively. As the voltage drop in the p-n-hetero- 
junction is only = I V, most of the power of the device is 
consumed in the p-contact. 

In Table 1 published data on ohmic contacts to n-lnP 
are collected. Becker[I] achieved ohmic contacts with In 
and Sn. However, these metals showed the tendency of 
island formation during the heat treatment. The island 
formation was avoided in the system In/Sn/Ag[2] by the 
deposition of an Ag layer several microns in thickness. 
Such contacts cannot be defined by the conventional 
lift-off technique and are, therefore, less suitable for 
device applications. In/Sn/Ag contacts, which were heat 
treated in a closed ampoule under over-pressure of 
phosphorus[3], showed very smooth surfaces. The latter 
technique is, however, more complicated. The lowest 
pc-values were obtained so far with the system Au/Ge/Ni 
and with Ni[4]. Table ! also quotes a selection of pub- 
lications on lnP devices, in which the ohmic contact 
technology is mentioned. In the majority of the studies, 
AulSn contacts were employed, but in no case a pc-value 
is quoted. 

In Table 2 published data on ohmic contacts to p-lnP 
are compiled. The lowest pc-value was obtained with 
Au/Mg to be -Ixl0-41"lcm2[4]. In addition, some 
papers on InP devices are cited, where also the ohmic 
contact technology is described. Mostly, Au/Zn contacts 
were employed, but it is not evident, whether these 
metals were Sequentially evaporated or evaporated from 
an alloy. Although in no case pc-values were reported, it 
can be derived from the differential resistance of laser 
diodes in some studies that pc<10-3flcm 2 was 
achieved. 

It was the aim of this study to fabricate mechanically 
reliable ohmic contacts for lasers by vacuum deposition, 
which show a low contact resistance, a smooth surface, 
and a good lift-off behaviour during photolithography. 

2. THEOiiETICAL ESTIMATE OF THE 
CONTACT RF, SlSTANCE 

2. ! Barrier height of lnP surfaces 
Metal contacts to semiconductors with not too small 

an energy gap E~ always show a rectifying characteristic 
at room temperature, which is due to the surface 
Schottky barrier. For many covalent semiconductors, 
Mead [12] has established the rule that the barrier height 
g s o o f  n-type semiconductors equals 2/3 Eg and that of 
p-type semiconductors equals i/3Ef. This means that 
gso is essentially independent of the work function of 
the used metal. This is commonly interpreted in terms of 
Fermi pinning at the semiconductor surface due to the 
high density Ns~ of surface states. Mead's rule has 
particularly been proved for GaAs[12]. It is consistent 
with the finding that real GaAs surfaces show a high N,,. 
The energy distribution of N,, is parabola-like with an 
increase at the band edges and a minimum in the middle 
of the bandgap[13], lnP is an exception to Mead's rule, 
since ~6no, as measured in Schottky diodes, is only 
0.48 eV for the metals Au, AI or Ti on n-lnP[14, 15], but 
~bso~>0.75eV for Au on p-lnP[B]. The energy dis- 
tribution of N~s in InP is also parabola-like; however, its 
minimum is positioned near the conduction band 
edge[16] and it increases towards the valence band edge. 
As a consequence, the surface of n-InP is only slightly 
depleted. This result is consistent with the measured low 
~bso of n-InP and high ~bao of p-InP. Therefore, it 
should be possible to realize very low resistance ohmic 
contacts to n-InP by alloying. On the other hand, for 
p-InP an increased contact resistance is expected. 

2.2 Resistance of metal-lnP contacts 
The electrical properties of a metal-semiconductor 

contact depend on the height ~bBo of the surface barrier, 
the density N of ionized dopant atoms near the surface, 
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the effective mass m* of the majority carriers and the 
static permittivity ~, of the semiconductor. There are 
three types of conduction mechanisms through a metal- 
semiconductor contact: (I) Thermionic emission of car- 
riers over the barrier; (2) thermionic field emission (T-F- 
emission) and (3) pure field emission through the 
barrier [ 17]. 

Thermionic emission dominates, if N is small. The 
specific contact resistance for zero bias for this type of 
carrier transport is derived from Schottky's diode equa- 
tion as 

k 
p~' = ~ exp (rb.lkT), (1) 

where 

A* m* c m ~  = - - 1 2 0  . (2) 
mo 

Here, k is Boltzmann's constant, A* is the effective 
Richardson constant for the majority carriers, e the 
electronic charge, T the absolute temperature and mo the 
electronic mass. Equation (I) is independent of N and of 
the ideality factor of the Schottky diode. 

Thermionic field emission is the tunneling of thermally 
excited carriers through the barrier. This process 
dominates for intermediate to high values of N. The 
corresponding specific contact resistance for zero bias 
is[18] 

Here. ,hF is the semiconductor Fermi energy, negative 
when in the bandgap, 4,B is the image-force lowered 
barrier height[18], h is Planck's constant, and ~o the 
permittivity of vacuum. The employed barrier shape is 
that derived from a constant dopant concentration 
profile, multiplied by the ratio &d~b,o. 

Field emission dominates for very large values of N. 
since the barrier width is narrowed ( - N - " : )  and its 
height is lowered ( - - N  TM) with increasing N. The 
specific contact resistance for the field emission range is 
given by Yu[191. 

From the value of 0 it can be decided, which of the 
three processes I to 3 dominates. The validity range of 
eqn (3) is roughly 0.5 < 0 < 2118, 191. Thermionic emis- 
sion dominates if 8<0.5 (where tanh 0~  0), which 
reduces the exponential factor of eqn (3) to exp ((bs/kT) 
in accordance with eqn (I). Field emission dominates for 
0 > 2  (where tanhO~ 1) leading to an exponential 
dependence of & on N -"2. Table 3 summarizes the 
ranges of ionized donor concentration No in n-lnP and 
acceptor concentration NA in p-InP and the correspond- 
ing ranges of & for the three types of current transport. 
For p-lnP only the light hole (m*/mo=O.0891201) is 
considered because it will dominate the tunneling 
process due to the exp( -m *"2) dependence of the tun- 
neling probability. The discussed model further assumes 
that N ,  and therefore d, so is not changed by the alloy- 
ing process. The heat treatment is assumed only to 
provide a strong doping of the semiconductor near the 
surface. 

cosh0 
eA*T2~/(lrO tanh 0) 

I tanh 0 

with the dimensionless parameter 

= e h  N 

3. EXPERIMENTAL PROCEDURE 

3. I Sample preparation 
The material used was Sn-doped bulk InP with a 

(3) carrier concentration n = 8× 10'7/cm 3, a mobility # = 
2010cm2/Vs and a resistivity p =3.9m~cm, and Zn- 
doped bulk lnP with p =9× 10J7/cm 3, At = 120cm2/Vs 
and p = 58 mf!cm as determined by the van der Pauw 
method. The (100)-oriented polished wafers, whose 

(4) thickness was 270Atm, were etched in a solution of 1% 
Br in methanol. By standard photolithography a square 

Table 3. Ranges of doping concentration and specific contact resistance using eqns (1) and (3) for the three types of 
current transport. Used parameters: m*/mo = 0.077 for n-lnP and 0.089 for p-lnP. ~, = 12.35. F = 300 K 

Thermionic T-F-emission Field emission 
emission 

~,~ ,A, ./~ 

(~ NO 0.5 2 ~2 

I ND/Cm-3 n- 5 x 1017 7 x 1018 n ++ 

n- In_P @B/eV 0.4.8 0.425 0. 570 

O-2 O-6 ~/~cm 2 3.5 2.0 x I 1.5 x 10 -6 I < 

r~ 

I NA/cm-3 p- 5.4 x 1017 8.6 x 1018 P++ 

p-InP ~B/eV 0.75 0.689 0.625 

~/~cm 2 i.i x 105 2.3 x 102 5.9 x 10 -4 < 10 -4 



Low resistance ohmic 

pattern of circular dots with a diameter of d=  150#m 
and a spacing of s = 750#m was produced. After the 
development of the photoresist the samples were further 
etched down by 0.2 #m in order to improve the adhesion 
of the metal and to facilitate the lift-off process. The 
solution consisted of H2SO,, H.,O2 and H20 in the ratio 
3 : l : l ,  the etch-rate being 0.19#m/min at 50°C. The 
investigated metals were deposited by thermal evapora- 
tion onto n-lnP and p-lnP in two separate ion-pumped 
vacuum systems at pressures of <10-6Torr. The heat 
treatment was performed in flowing H_, at temperatures 
between 300 and 430°C during periods between I and 
10min. The time required to heat up and cool off the 
sample was 2 min each in all cases. The contacts were 
examined by current-voltage measurements, scanning 
electron microscopy and ion microprobe concentration 
profiling. 

3.2 Measurement of the contact resistance 
The total resistance R measured between two ohmic 

contacts on a conducting layer consists of the contact 
resistance Re, the spreading resistance R, under the 
contact, the series resistance R,, of the material between 
the contacts, and the resistance Rp due to probes: 

R = Rc + R~ + R,, + Rp. (51 

The evaluation of Rc and of the specific contact resis- 
tance & = RcA, where A is the contact area, has been 
performed in the literature for special contact configura- 
tions. One of them is the axial geometry [21], which 
requires a front- and a back-side metallization of the 
sample. A further method, which is based on the one- 
dimensional transmission line model, requires a mesa- 

J 

etched conducting film on a semi-insulating 
substrate[22]. In this study the four-point configuration 
according to Terry and Wilson[23] was adopted, which 
offers the advantage over the before mentioned methods 

]od 

N 
"6 I " ~  [ - x  

g. 

Fig. I. Modified four-point method (on an infinite plane) to 
determine Oc (above), and approximate potential distribution on 

the connection line ad (below). 

contacts to n- and p-lnP 73 

that only one metallization process and no mesa-etching 
is needed. There, 4 equidistant contacts a, b, c, d are 
arranged on a straight line on an infinite plane of 
infinitesimal thickness. The voltages Ubc and U~,c are 
measured between points b, c, while the currents I,~,~ and 
lb,~ are applied between points a, d and b, d, respec- 
tively. Following Ref. [23], the specific contact resistance 
of contact b is then 

p¢ = ARc = A(R - R,.) = \ lbd I,,,S 1" (6) 

The resistance Rp due to probes is negligible in a high- 
ohmic potential measurement. However, eqn (6) contains 
two important simplifications: Firstly, the spreading 
resistance under the contact b is neglected. Secondly, 
the assumption is made that the series resistance R= 
between points b and c is independent of the current 
application at a, d or b, d. This is, of course, not the case 
because of the logarithmic potential distribution in the 
layer, which is depicted in Fig. 1. Solving the two- 
dimensional field problem for equipoten._ttial cylinders, the 
potential ~,(x) on the connection line ad is 

~p(x)=-2--~wln ~ ~Oo, ~ < - x < - 3 s - ~ ,  (7) 

where p is the resistivity, d the contact diameter, s the 
spacing between two neighbouring contacts and w the 
layer thickness. Equation (7) is valid for d,~ s (i.e. no 
distortion of the potential by the contacts b and c) and 
w ,~ s (i.e. the current is uniform with depth). From ~(x) 
the series resistance R,, outside the contacts is obtained. 
The spreading resistance due to planar, radial current 
flow under a circular contact is given by Fang et a1.[24] 
to be 

v"/[22"(2m ~) 2 ] ,} R, 
2., y"/[tm + l)2"(m!) 2] 

m = O  

where 

•R• 2 

Y = 4p~w" (9) 

For y <  1, the spreading resistance is R~-<0.12Rc, 
which is negligible in most cases. The diameter d should 
be chosen such that for given p, pc and w the value of y 
is not unreasonably large. Only for very thin layers the 
required d might be so small that the method becomes 
unpracticable. 

The more accurate expression instead of eqn (6) is 
derived as 

p~ = A ( R - R , - R . . ) = A  - R ,  

Ubc In (4(s/d) - 1)] 
tl0) 

The approximate form of Ref. [23] is only valid if Rc "> 
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(a) 

(b) 

Fig. 3. SEM pictures of metal contacts on lnP. A part of the 
layer surface as well as a cleaved edge of the contact is shown. 
The InP was etched by 0.2 #m in the contact area. (a) Au/Ge + 
Ni on n-InP alloyed at 400°C. (b) Au/Zn (90110) on p-lnP alloyed 

at 430°C. 
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R,.. Using the eqns (7) and (10), this condition can be 
written as 

2 
Y < In (4(s/d) - I)' (11) 

In this study a modified four-point method was applied 
(see Fig. I). The current Io,, is applied between points a 
and d, and the voltages Ub~ between points b, c and U,,b 
between points a, b are measured. For the contact a, one 
finds 

m[ ( ( 3 s / d )  - (1/2)) ] 
Pc=/ ,a [  U~b - R, - ubc ln ~ J' [12) 

where R, is given by eqn (8). Here, the current contacts 
and, therefore, the potential distribution remain fixed, 
whereas with the method of Ref. [23] the voltage con- 
tacts remain fixed. As a further advantage the series 
resistance contained in U,b in eqn (12) is smaller than 
that in U~,c in eqn (10), so that very small contact 
resistances can be more accurately determined. 

4. RESULTS AND DISCUSSION 

4.1 Contacts to n-lnP 
In Table 4 the properties of the contacts are sum- 

marized, which were found in this study. With contacts 
consisting of Sn + Au on n-lnP, alloyed at 400°C, linear 
characteristics and a moderately low pc-value were 
achieved. However, strong island formation occurred 
similar to that known for the Sn+ Ag system[3]. With 
contacts consisting of In + Sn + Au, where In acted as a 
wetting agent, the resulting surface was smooth, but no 
lower p,-values were achieved than with Sn + Au. 

Very good contacts, however, were obtained with 
3000 .~ Au/Ge eutectic +700 ,~ Ni. While contacts alloyed 
at 300°C showed non-linear characteristics, the contacts 
alloyed at 350 and 400°C no longer revealed a deviation 
from linearity up to a current density >5 kA/cm 2. The 
characteristic is displayed in Fig. 2. With the corn- 

bination Ni + Au/Ge + Ni no improvement was observed 
in the electrical data. 

The specific contact resistance of Au/Ge + Ni on n-lnP 
was as low as 1.2 × 10-61),cm 2. A comparison of this 
result with Table 3 shows that the type of current trans- 
port through these contacts is in the range between 
T-F-emission and pure field emission. The doping below 
the contact is then about 7 × 10'~/cm 3, provided that the 
model assumptions in Section 2 are justified. 

The fact that our pc-value is an order of magnitude 
lower than the one found by Erickson et aL [4] Isee Table 
I) is possibly due to the metallization thicknesses chosen 
here. The complex role, which the presence of Au and Ni 
plays during the incorporation of the Ge on donor sites, 
is discussed by Yoder[25]. 

The contacts showed a good adhesion property and a 
smooth surface, as shown in Fig. 3(a). Compared to the 
commonly used Au/Sn contacts, the combination used 
here offers the double advantage of a lower contact 
resistance and a higher mechanical stability. 

4.2 Contacts to p-lnP 
Our results on contacts to p-InP are also presented in 

Table 4. Contacts made of pure Au show strongly non- 
linear characteristics after alloying. The same happens 
with Au/Ge evaporated as a eutectic and with Cr+ Au. 
The latter result is in contrast to p-GaAs, where low 
resistance ohmic contacts are realized with Cr+Au. 
With p-lnP, obviously only those metals provide ohmic 
contacts, which are known to be incorporated in epitaxial 
InP as acceptors such as Zn, Mg, Cd and Be. Good 
electrical results were obtained with contacts made of 
Zn + Au. However, the adhesion of Zn to lnP is only 
moderate, so that thicker layers peeled off during the 
lift-off process, in order to improve the adhesion, a 
combination of l n + Z n + A u  was tried. However, the 
characteristic was non-linear. Contacts deposited from 
an Au/Zn alloy with I wt% Zn also resulted in non-linear 
characteristics. 

The best contacts were achieved by evaporation of an 

Au/Ge*Ni 
n -InP 
A=1.8,10-4cm 2 
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I I 
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j : "  lo ,Oo  / / /  , 
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Fig. 2. Current-voltage characteristics of Au/Ge + Ni contacts on 
n-lnP, alloyed at 40fC. The symbols are defined in Section 3.2. 
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Fig. 4. Current-voltage characteristics of Au/Zn contacts on 

p-lnP, alloyed at 430°C. 
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Fig. 5. [on microprobe Au- and Zn-profile in arbitrary logarithmic 
units of an Au/Zn (90/10) contact on p-lnP, alloyed at 430°C. The 
sputtering was done by 20keY 3zO+-ions. Note the different 
sputter rate of 1.1 ,~/s in the Au/Zn and 6.6 ~/s in the InP. The 
constant Zn- and Au-level in lnP is background, e.g. due to 

redeposition. 

Au/Zn alloy with 10 wt% Zn corresponding to the stoi- 
chiometric composition Au3Zn. The current-voltage 
characteristics are extremely linear (see Fig. 4). The 
lowest specific contact resistance was pc = 
1.1 x 10-4f~cm 2 and was found after heat treatment at 
400°C (see Table 4). The contact surface is relatively 
smooth, but submicron pinholes are visible, as shown in 
Fig. 3(b). The adhesion to InP is much better than with 
Zn + Au sequentially deposited. Moreover, the vacuum 
chamber is less contaminated with Zn by the evaporation 
of the Au/Zn alloy than by the separate evaporation of 
Zn + Au at two very different temperatures. 

In order to examine the penetration depth of the fast 
diffusing Zn, the concentration profile of an alloyed 
Au/Zn contact was measured with an ion microprobe. As 
shown in Fig. 5, Zn does, however, not penetrate farther 
into the lnP than Au does. The observed tail of Au and 
Zn, which is about 0.15gin deep, presumably results 
from a mixing of liquid Au and Zn with the dissolved InP 
in the surface region. The diffusion of Zn into solid InP 
during 2min at 430°C is obviously a minor effect. A 
comparison of the measured pc = 1.1 × 10-"~cm 2 with 
Table 3 shows that the type of current transport through 
these contacts is the field emission. The acceptor con- 
centration corresponding to this pc-value is -1  x 
10~9/cm ~. Zn doping in LPE lnP saturates at a hole 
concentration of 4× 10JS/cm3126,27], whereas for Mg 
doping no saturation behaviour was found. On the other 
hand, the best p:value obtained so far with alloyed 
Au/Mg contacts on p-lnP (~l×10- ' f icm2[4])  is not 
lower than our pc with Au/Zn contacts. This suggests 
that the relatively large contact resistance is not caused 
by the limited hole concentration achieved with Zn, but 
is mainly due to the high surface barrier of p-lnP. 

s. APPLICATtON TO QUA'r~aNARV LASERS 

The described contacting technique using Au/Ge + Ni 
on n-lnP and Au/Zn on p-lnP was successfully applied 

E. KUPHAL 

to the preparation of In~_~GaxP~_,AsfllnP lasers emit- 
ting at A = 1.25 p,m. The planar stripe lasers were proton- 
defined to have an active volume of 0.2 × 8.5 × 200 #m ~. 
At the threshold, which was as low as 140mA, the 
voltage drop was 2.5 V. The differential resistance was 
5 f~ in agreement with the above quoted &-values. 

6. CONCLUSIONS 

Ohmic contacts to n-lnP and p-lnP have been made 
which show the smallest contact resistances published so 
far. Furthermore, these contacts have good technological 
properties, which make them suitable for device ap- 
plications, e.g. lasers. Comparison of the observed con- 
tact resistances with the theory of current transport 
through contacts allows the following conclusion: For 
n-InP, the low surface barrier combined with the high 
obtainable donor concentration by alloying enables the 
realization of extremely small pc-values. For p-lnP, the 
high surface barrier obviously inhibits the realization of 
Pc < 10 -4 flcm:. 
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