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The Ni/Ti/Pt/Ti/Pt multi-metal layer is used for ohmic contacts to p-type GaAs. The 
contacts were formed by the sequential e-beam evaporation of 5 nm Ni, 5 nm Ti, 5 nm 
Pt, 30 nm Ti and 100 nm Pt metal layers onto the 300 nm Be-doped (2.4 × 1019 cm-3) 
p+-GaAs layer grown by molecular beam epitaxy (MBE). Rapid thermal annealing (RTA) 
is performed to get lower contact resistivity in 15 sccm N2  gas atmosphere at 
temperatures from 340℃ to 460℃ with interval 30℃. The lowest specific contact 

resistance is 2.633 × 10−5Ωcm2 for this epitaxial layer. We obtained the lowest value 
at RTA time of 1 minute and temperature of 460 ℃ , but the contact resistance 
differences by temperature changes was very small. 

 
 

I. INTRODUCTION 
 

Since all semiconductor devices have contacts and 
all contacts have contacts and all contacts have 
contact resistance, it is important to characterize 
such contacts. In the conceptual discussion of ohmic 
contacts and contact resistance we will be 
concerned with metal-semiconductor contacts 
because they are most common. For the discussion 
of the measurement techniques the type of contact 
is unimportant, but the resistance of the contact 
material is important. 

Low-resistance ohmic contact is crucial in 
determining semiconductor device performance in 
various application fields such as optoelectronic 
devices, bipolar transistors and microwave devices.1 

Particularly, an ohmic contact with low-
resistance not only provides a medium for injecting 
a current to drive a device to reach the desired 
performance but also provides a contact where 
device can be operated at higher current value 
without having much heat generation. Furthermore, 
as the device dimension is getting smaller, low-
resistance ohmic contact becomes even more 
important in semiconductor device performance. 
Because of these reasons, many study groups 
focused on the achievement of low resistance ohmic 
contacts. 

In this report, we report the properties of the 
Ni/Ti/Pt/Ti/Pt p-GaAs contact system2, which has 
low contact resistivity. Transmission line model 
(TLM) method is adopted to study the effect of the 
metal contact for ohmic contact.2  
II. EXPERIMENTAL DETAILS 

 
A. Contact resistance 

Metal-semiconductor contacts fall into two basic 
categories, illustrated in Fig. 1 

 
(a)                     (b) 

Fig. 1 (a) “Vertical” and (b) “horizontal” contact 
The current flows either vertically or horizontally 

into the contact. Vertical and horizontal or lateral 
contacts can behave quite differently, because the 
effective contact area may differ from the true 
contact area.3 

In vertical case, the specific contact resistance is 
given by 𝜌𝐶 =  𝑅𝐶A, illustrated in Fig. 2 

 
Fig. 2 Vertical contact geometry 

However, current flows non-uniformly through the 
contact in horizontal case, illustrated in Fig. 3 

 
Fig. 3 Horizontal contact geometry 

The above equation (𝜌𝐶 =  𝑅𝐶A) is not valid in this 



case, so a different method is required to measure 
the contact resistance.4 

 
B. Transmission line method4 

A transmission line has distributed circuit 
elements just as shown in the Fig. 4.  

 
Fig. 4 Transmission line equivalent circuit model 

The mathematics of transmission line was well 
known in the 1970s. Therefore the transmission line 
model was applied to electrical contacts in 
semiconductors. It is intuitively clear that the 
current prefers to flow laterally in the metal contact 
rather than the semiconductor. Thus, there is a 
transfer length within which the current transfers 
from the metal to the semiconductor. The TLM 
model allows one to extract the specific contact 
resistance of a contact with lateral current flow. The 
following figure shows TLM measurement. TLM 
measurement uses a series of contact with different 
intervals like Li = 2, 4, 6, 8, and 10 um, or Li = 5, 10, 
15, 20, and 25 um. Typical contact lengths and 
widths (W) are 200 um.  

 
Fig. 5 Series of contact with different intervals 

In other words, the TLM is applied to determine a 
specific contact resistance for planer ohmic contact.  

The TLM measurement that we use is illustrated 
in Fig. 6.  

 

 
Fig. 6 Equivalent circuit and TLM metal pattern 
  The TLM measurement yields values for RC and LT. 
Assume that the semiconductor has the sheet 
resistance Rsheet. The TLM analysis yields the 
following relations: 

R(L) = (L+2LT) Rsheet / W, 
R(L = 0) = 2RC = 2LTRsheet/W 

Solving equation for Rsheet yields and specific 
contact resistance:  

Rsheet = RCW/LT, ρC = Rsheet L2T 

The potential distribution under the contact is 
such that the voltage is highest near the contact 
edge and drops nearly exponentially with distance. 
The “1/e” distance of the voltage curve is defined 
as the transfer length LT, given by:  

LT = (ρC / Rsheet)1/2 
Thus the TLM model provides a way to assess the 

specific contact resistance for lateral current flow 
geometry. The method to evaluate contact 
resistances is also known under the name “Transfer 
length method” which has the same acronym, TLM. 

We obtain the resistance values by the 
semiconductor parameter analyzer (4155A) and the 
similar graph about ohmic contact properties as Fig. 
7 by using measure system, which plots measured 
resistances as a function of contact separation and 
the resistance values. 

 
Fig. 7 Resistance values plot 

We can calculate sheet resistance (Rs), contact 
resistance (Rc), specific contact resistance (rc), and 
transfer length (LT) by using above the equations. 

 
C. Process of experiment. 

P-type GaAs epitaxial layer doped by Beryllium 
(Be) is grown by molecular beam epitaxy (MBE). The 
doping of concentration is 2.4 × 1019 p+ doping. 
A wafer is cut by diamond tip to get convenient size 
to fabrication.  

First, wafer cleaning is performed with acetone 
for 3 min, methanol for 3 min, and deionized (DI) 
water for 3 min without ultrasonic at a room 
temperature. 

Second process step is photolithography. Coating 
a photoresist (PR) by using spin-coater is performed. 
It is spin-coater condition. Hexamethyldisilazane 
(HMDS) for better adhesion is coated on samples 
with 3000 rpm for 20 seconds. AZ5214 positive 
photoresist (PR) is coated on samples with 5000 rpm 
for 30 seconds. For better mask alignment the edge 
PR is removed. Soft-baking is performed for 
evaporating the moisture on hot plate for 90 sec at 
90℃ . In PR patterning, we used a mask aligner 
machine with TLM pattern mask and then, exposed 
the sample to ultraviolet for 9 seconds. After 



exposure, post reversal baking for image reversal 
processing to make positive PR acts as negative PR 
is carried out at 120℃ for 60 seconds. Then, the 
sample is exposed again without mask for 9 seconds. 
The sample is developed in developer named MIF300 
for 20 sec. If the develop time is over the 20 sec or 
under the time, the sample has the properties of 
over-development or under-development. The 
samples that are patterned with TLM are inspected 
by optical microscope to check the state of TLM PR 
patterning. 

Third process step is metal deposition. Before 
metal deposition, removing the native oxide layer is 
performed to get lower contact resistance and 
better adhesion between metal and semiconductor. 
The Ni/Ti/Pt/Ti/Pt multi-metal layer is deposited 
by the electron beam (E-beam) evaporator. Each 
thickness of a metal is 50/50/50/300/1000 and each 
deposition rate is 1/1/1/1/2, respectively. After 
metal deposition, lift off process is performed to 
eliminate the unnecessary metal on photoresist (PR) 
by acetone and acetone gun, and methanol and DI 
water rinsing and baking step are needed. 

Fourth process step is mesa etching. Mesa 
structure limits current flows, illustrated in Fig. 8, 
to measure more accurate resistance.4 PR patterning 
is performed to protect the metal layer. We used 
dry etching technique named inductive coupled 
plasma-reactive ion etcher (ICP-RIE) to make the 
mesa structure. The ICP-RIE is plasma based on an 
advanced RIE technique. The advantages of ICP-RIE 
are two RF power for independently controlling an 
ion energy and density. The condition of the etching 
parameters are SiCl4 of 75 sccm, argon of 30 sccm, 
RF power of 50 watt, ICP power of 200 watt, and 
chamber pressure of 2 mTorr. The time of the 
etching step is 4 minutes for enough etching sample 
material. After etching, the sample is needed to 
remove the residual PR that used for mask and to 
clean any contaminants.  

 
Fig. 8 Mesa structure current flows 

Fifth process step is rapid thermal annealing (RTA). 
The sample is cut to the number of conditions of 
annealing. The conditions are 340℃ to 460℃ with 
interval 30℃ for 1 minute.  

Final process step is measuring the resistivity 
values of the properties of the samples by semi-
conductor parameter analyzer (4155A). We obtained 
the results of resistance values with separated 

lengths of TLM pattern. This sequence of the 
processes is the common way to make the TLM 
pattern and measure the resistance for finding the 
ohmic contact properties. 
 
III. EXPERIMENTAL RESULTS 
 

The experiment is performed by five conditions 
because we already know that 400℃ is the best 
condition for low contact resistance2. We set 1 
minute annealing time for minimizing thermal 
damages to devices. Table 1 shows the temperature 
conditions of RTA. 

Temp
. 

340℃ 370℃ 400℃ 430℃ 460℃ 

1 
min. 

Sample
1 

Sample
2 

Sample
3 

Sample
4 

Sample
5 

Table 1 Experiment conditions 
We measured 4 times each samples and recorded 

average values, illustrated in Table 2. 

[Unit: Ω] 
    Width 
Sample 

120 
(um) 

60 
(um) 

30 
(um) 

15 
(um) 

8 
(um) 

4 
(um) 

2 
(um) 

1 119.2 64.89 34.34 21.46 14.29 10.14 7.602 

2 117.8 62.08 34.56 21.46 14.01 9.962 7.791 

3 119.3 62.78 34.89 20.44 13.26 9.090 7.021 

4 119.6 63.72 36.02 22.15 14.56 9.887 7.229 

5 118.7 61.86 34.65 20.09 13.41 9.347 6.309 

Table 2 Total resistance of each separated lengths 
From these data, we draw a graph, illustrate in 

Fig. 9. 

 

Fig. 9 Total resistance values plot 

The total resistance differences between each 
sample are very small, but all the total resistances 
are increasing by increasing separation width. It 
means all samples successfully have ohmic contacts.  

By using linear-fit plotting, we can know how 
much these data close to linear plot, illustrated in 
Fig. 10. The differences between original plots and 
linear-fit plots are very small. Ohmic contacts have 
ohmic resistance and one of its properties is to have 
linearly increasing resistance versus distance of 
current flow. For better analysis, we calculated the 
errors between data and linear-fit plots, illustrated 
in table 3. 



 
Fig. 10 Linear-fit plot 

 
Table 3 Linear-fit plot analysis 
  The standard error means average errors between 
linear-fit plot and measured data. All samples have 
less than 1% error for linear-fit plot. Therefore, 
measured data linearity is verified. 

Next, based on linearity of our data, we got the 
contact resistance (RC), sheet resistance (Rsheet) and 
specific contact resistance (ρC) that is our main 
subject, illustrated in Table 4. 

Sample RC [Ω] Rsheet [Ω/□] ρC[Ω·cm2] 
1 3.376 188.9 2.419E-05 
2 3.286 185.5 2.335E-05 
3 2.859 189.7 1.728E-05 
4 3.396 188.8 2.448E-05 
5 2.770 188.8 1.633E-05 

Table 4 Calculated resistance values 
  Contact resistances are similar each sample. The 
lowest contact resistance comes from sample 5 (460℃ 
annealing) and the second lowest contact resistance 
comes from sample 3 (400℃ annealing).  

 
Fig. 11 Contact resistances [Ω] 

In log scale graph, there are no big differences 
between each sample. From this result, we can 

know that the Ni/Ti/Pt/Ti/Pt metal system has low 
dependence at temperature section from 340℃ to 
460℃ for 1 minute annealing time. 
  Sheet resistance and specific contact resistance 
graphs are illustrated in Fig. 11 and Fig. 12. 

 

Fig. 12 Sheet resistance (Rsheet [Ω/□]) 

 
Fig. 13 Specific resistance (ρC [Ω·cm2] ) 
  The sheet resistance is related with slope of total 
resistance graph: Slope is Rsheet/W and W is 200 um 
in our case. Contact resistances are also very similar 
each sample. Therefore, Specific contact 
resistances are also very similar each sample, 
illustrated in Fig. 13. 
 
IV. DISCUSSION OF RESULTS 
 

Ni/Ti/Pt/Ti/Pt metal system has low temperature 
dependence for 1 minute annealing time. All our 
results show that there is noticeable specific 
resistance change between each sample. However, 
our specific resistances are neither high nor low. It 
means our metal system is not suitable for ohmic 
contact application. 

The reason why our metal system has low 
temperature dependence is that Ni/Ti/Pt/Ti/Pt 
metal system needs longer annealing time, 
illustrated in Fig. 14. 



 
Fig. 14 Time variants of specific contact resistivity5 

In this metal system, 1 minute annealing time is 
worst for specific contact resistance. Here is our 
assumption why this metal system needs long 
annealing time for low specific contact resistance. 
The combination of Ni and Ti becomes a moderate 
barrier for preventing excessive diffusion of Pt to 
GaAs at 400℃. Ni layer accelerates the reaction of 
the metals with GaAs and Ti layer is too stable for 
the Pt layer to diffuse and react with the GaAs.2 
Therefore, balancing effect of Ni/Ti layer makes Pt 
layer stable. The balancing effect is strong enough 
to stand temperature changes and broken slowly by 
increasing annealing time.  

This can be a big advantage because temperature 
reliability is one of the most important requirements 
of devices. However, the need of long annealing 
time can cause several damages to devices. 

The p+-GaAs doping concentration does not have 
same properties for p-GaAs. In several metal 
systems, ohmic contact metal system of p-doping 
and p+-doping GaAs layer is different. However, our 
metal system is not performed for p-doping GaAs 
system at all. It means that more experiment that 
contains p-doping of various level GaAs can be 
valuable. Therefore, we will find out this metal 
system’s suitability for p-doping GaAs layer by 
increasing the annealing time. 

Finally, the reference shows 2 × 10−7  Ω·cm2 

with very similar condition with ours: 2 ×  1019cm-3 
p-doping (Be) and RTA temperature 350 ℃ and 400 ℃. 

2 Only one that is different is annealing time. About 
100 times difference happens between reference 
data and our data, so we will do more experiment 
for annealing time and compare with the 
reference’s graph.  
 
V. SUMMARY 

 
The Ni/Ti/Pt/Ti/Pt multi-metal layer is used for 

ohmic contacts to p-type GaAs. The contacts were 
formed by the sequential e-beam evaporation of 5 
nm Ni, 5 nm Ti, 5 nm Pt, 30 nm Ti and 100 nm Pt 
metal layers onto a 0.3 um Be-doped (2.4 ×  1019 
cm-3) GaAs layer grown by molecular beam epitaxy 
(MBE). Rapid thermal annealing (RTA) is performed 
to get lower contact resistivity in 15 sccm N2 gas 
atmosphere at temperatures from 340℃  to 460℃ 
with interval 30 ℃ . The lowest specific contact 

resistance is 2.633 × 10−5Ωcm2 for this p+-GaAs. We 
obtained the lowest value at RTA time of 1 minute 
and temperature of 460℃.  

The lowest contact resistance actually does not 
have special meaning because other samples have 
similar values. What we can know is Ni/Ti/Pt/Ti/Pt 
metal system needs long annealing time that causes 
several damages to devices. 
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