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Abstract
	Wet chemical lift off in N-Methyl-2-pyrrolidone (NMP) is widely used in GaN HEMT Front End manufacturing.  In case of a Ti-Al-Ni-Au based metal stack for ohmic contacts, the quality of the lift-off process is much depending on the water content in the solvent NMP. In this paper, it will be shown that the metal stack can be attacked during lift off in NMP with too high water content. Additionally, environmental impacts on the hygroscopy of NMP are investigated in order to keep moisture below a certain level and avoid optical defects on ohmic contacts after lift off. 

Introduction

	In GaN HEMT technologies, Ti-Al-Ni-Au based ohmic contacts are commonly used. At UMS, the single layer thicknesses were optimized to achieve both low contact resistance and high optical quality. A defined morphology and low defect density of  the metal surface after wet chemical lift off are essential for subsequent process steps. 
On the qualified UMS 0.25µm GaN HEMT technology GH25-10 [1], over a long period some wafers showed ohmic contacts with damaged edges after lift off which we called “peeling effect”. Detailed statistic and physical analysis revealed that the peeling effect is correlated to the water content of the NMP bath in which the wet chemical lift off is done.

Process details

	On GH25-10 technology, the integration of the ohmic contacts is done by an image reversal lithography, an evaporated Ti-Al-Ni-Au based metal stack followed by a wet chemical lift off. The lift off consists of several steps. It starts in a non-hermetic NMP bath which is heated to 60°C (1st bath). The lift off in this bath takes about 2 hours. The NMP in this bath is renewed after processing of in total 50 wafers.  In between the processing of different lots, the bath heating is usually switched off. 
As a second step in the lift off sequence, the wafers are treated for one minute in another non-hermetic NMP bath (2nd bath) at room temperature which is renewed after at most 25 wafers. Then, the wafers are rinsed with water and dried. 
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Fig. 1.  Left: peeling effect on ohmic contact after lift off; right: peeling effect after high-temperature anneal. Arrows point towards the optical deviations.


Finally, the wafers are treated in a high pressure spray tool to remove particles and lift off residues. 
After lift off, the wafers are treated in a high-temperature rapid thermal anneal at more than 800°C. 

Optical defects after lift off

The peeling effect of ohmic contacts after lift off was detected on several GH25-10 production wafers. Fig. 1 shows an affected structure directly after wet chemical lift off and after anneal. 
The peeling effect was found to be dependent on the layout. Small structures with low metal coverage in the surrounding chip area are strongly affected, whereas big structures with high metal coverage in the surrounding chip area on the same wafer are not affected at all.
TEM cross section and EDX analysis showed that on the affected structures the nickel layer within the ohmic contact metal stack is partly missing and seems to be etched from the edge of the contact towards the inside, see Fig.2.
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Fig. 2.  Top: TEM cross section of an ohmic contact metal pad with peeling effect after lift off. 
Bottom: EDX analysis on the cross section.
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Fig. 3.  SEM top view of an ohmic contact metal pad with peeling effect after anneal at more than 800°C.


During high-temperature anneal, the metal layers above the etched Ni are removed, shown in the SEM top view in Fig. 3. Statistics showed that the defects only occurred on wafers that were lifted when the 1st bath was renewed more than eight days ago. Interestingly, the number of wafers that have been processed in the bath did not have an impact on the peeling effect. 

Hygroscopy of NMP – Etching of Nickel
	
	N-Methyl-2-pyrrolidone is a basic, hygroscopic and polar compound with high stability. It is also a water-miscible organic solvent, not corrosive and only slowly oxidized by air [2]. Because of its hygroscopy, the water content of NMP is continuously increasing in humidity. 
NMP, viewed from a different perspective, is a product of ring closure from γ-N-methyl aminobutyric acid. Although lactam-ring of NMP is chemically stable, under neutral conditions, it can be opened under acidic or alkaline condition to form acid and other products and both alkali and temperature have effect on the hydrolysis of NMP [3].
Based on the statistics of affected wafers we argue that with increasing water content, NMP is becoming more aggressive towards Ni and is able to etch it. 
Generally, nickel reacts slowly with air under standard conditions because an oxide layer forms on the surface and prevents further corrosion (passivation). For this reason, nickel-etching mixtures require a medium, which is able to dissolve the initially present as well as the constantly forming oxide, as well as an oxidizer [4].
It is still unclear to us why the mixture of NMP and water is so aggressive towards Ni because there is a large number of factors like pH, temperature, composition of metal layers, size of the structure or layout, which can influence on the reactivity.
We hypothesize that either the composition of different metal layers within the ohmic contact metal stack or/and the product of hydrolysis of NMP can support electrochemical reaction and lead to etching (oxidation and dissolution) of nickel.  
The general hypothesis that a mixture of NMP and water etches Ni could be confirmed by an experiment where we intentionally put defined amounts of water in fresh NMP and used these solutions for lift off in beakers. We reproduced a strong peeling effect in the solution with 10% water in NMP, a slight peeling effect with 5% water and no defects were observed with 3% water in NMP. We also varied the rinsing on these engineering wafers. However, including an additional rinse in isopropyl alcohol (IPA) after lift off in NMP did not impact the affection regarding metal peeling compared to the standard procedure where the wafers go directly from NMP to water rinse. 

Measurement setup – Karl Fischer titration

In order to show the evolution of water content in NMP in humidity, we performed measurements with coulometric Karl Fischer titration.
Karl Fischer titration is one of the most popular chemical analysis, which uses titration to determine trace amounts of water in a sample. There are two types of Karl Fischer titrators: volumetric and coulometric titrators. The main difference between the two is that by volumetric method, the 
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Fig. 4 Karl Fischer coulometric titration principle.

titrant is added directly to the sample by a burette and by coulometric method, the titrant is generated electrochemically in the titration cell. The advantages of the coulometric KF titration is that the measureable water levels are much lower than with the volumetric method.
In coulometric Karl Fischer titration, iodine (I2 ) is generated electrochemically from the analyte which contents iodide 
(I–). When iodine (I2) comes in contact with the water in the sample, water is titrated according to the following reaction scheme: 

1) ROH + SO2 + RN  (RNH)SO3R
2) (RNH)SO3R  · 2RN + I2 + H2O  (RNH)SO4R + 2(RNH)I
Once all of the water available has reacted, the reaction is complete. The amount of water in the sample is calculated by measuring the current needed for the electrochemical generation of iodine (I2) from iodide (I–) according to the following reaction:

3) 2I-  I2 + 2e-
A schematic of the Karl Fischer coulometric titration is shown in Fig. 4. 
experimental results

Measurement results obtained with 200ml NMP in different beaker glasses at cleanroom conditions (T=20°C, humidity 40%) are shown in Fig. 5.  
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Fig. 5.  Evolution of water content in 200ml NMP in cleanroom environment (T=20°C, humidity 40%) measured with coulometric Karl Fischer titration. 
Blue crosses: beaker with a diameter of 8cm
Red circles: beaker with a diameter of 18cm
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Fig. 6.  Evolution of water content in 200ml NMP in beakers with 8cm diameter at different temperatures.
blue circles: T=20°C
green crosses: T=40°C
red rhombs: T=60°C


The water content at room temperature is increasing up to a saturation level of about 20% (2×105ppm). The speed of the evolution of moisture depends on the contact area of NMP to 
air which is given by the size and shape of the beaker glass. A higher contact area leads to a faster increase of moisture.


Additional measurements showed that the evolution of water content in NMP is strongly dependent on its temperature. At room temperature (T=20°C), the water content is increasing faster and reaches a higher level than at T=60°C. The moisture evolution in NMP at different temperatures is shown in Fig. 6.
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Fig. 7.  Evolution of water content of a mixture of 200ml NMP with 20% water at T=60°C.

At T=60°C, the water content in NMP saturates at about 1.6% due to the lower boiling point of water compared to NMP. In another experiment, we mixed fresh NMP with 20% water at room temperature, heated this mixture up to T=60°C and measured the evolution of water content, see Fig. 7. The water content of this mixture rapidly decreases at T=60°C and finally reaches a saturation level of about 1.6% which is in line with the measurement shown in Fig. 6. 

Modifications of lift off process
	
In order to avoid the peeling effect and the resulting optical defects, we changed the lift off sequence based on the experimental results shown before.
So far, the heating of the 1st bath was usually turned out between the processing of different lots. During this time, the NMP cools down to room temperature and its water content increases. As soon as a new lot for lift off arrives, the bath heating is activated and the wafers are processed when the final temperature (T=60°C) is reached. However, the water content in NMP can then still be higher than the critical 5% which results in the known optical defects.
Now, we changed the procedure for the lift off process so that the heating of the 1st bath has to be kept permanently on. With this change, the water content in NMP does not exceed 2% (see Fig. 6) and the peeling effect and optical defects can be prevented. 
Consequently, we also analyzed the impact of the lift off step in the 2nd bath (room temperature). Indeed, measurements in this bath showed that the water content is rapidly increasing after filling, like it was shown in the experiment in Fig. 5. However, the risk of getting optical defects due to a too high water content in the 2nd bath is much lower than in the 1st bath because of the shorter processing time (1 min vs. 2 hours). Anyway, since test wafers that were processed without the 2nd bath showed good lift off results and low particle density, we decided to skip this part of the lift off step. 

Conclusions
	
	Optical defects on ohmic contacts in GaN HEMT technologies were analyzed. The so called peeling effect is caused by too high water content in NMP which leads to an etching of the nickel layer inside the ohmic contact metal stack during wet chemical lift off. The moisture in NMP is increasing in air due to its hygroscopy, which is mainly depending on its temperature. By modifying the lift off procedure, the peeling effect can be prevented.
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ACRONYMS

NMP: N-Methyl-2-pyrrolidone
TEM: transmission electron microscopy
EDX: energy dispersive X-ray spectroscopy
IPA: isopropyl alcohol
image10.png




image2.png
Al " °\




image3.png




image20.png
Al " °\




image30.png




image4.png




image40.png




image5.png
Control

Detector

lodine _,
Generator

Electrodes

€ 2 € 2

Analyte 217|[15 + HyO|=e=21- 15





image50.png
Control

Detector

lodine _,
Generator

Electrodes

€ 2 € 2

Analyte 217|[15 + HyO|=e=21- 15





image6.png
water content in NMP [ppm]

2e+h

1.5e+5:

Te+5:

Se+4

Oe+0:

Q

s
%’

@&%09@% &

o
&

3

|

¢

N é’@é’@é’ é‘&é’@é’@

G

duration [d:hrmin]





image60.png
water content in NMP [ppm]

2e+h

1.5e+5:

Te+5:

Se+4

Oe+0:

Q

s
%’

@&%09@% &

o
&

3

|

¢

N é’@é’@é’ é‘&é’@é’@

G

duration [d:hrmin]





image7.png
water content in NMP [ppm]

1.2e+5:
Te+h:
Be+d
Be+d:
de+d
2e+4-
0e+0

PRI
&S

duration [d-hrmin]





image70.png
water content in NMP [ppm]

1.2e+5:
Te+h:
Be+d
Be+d:
de+d
2e+4-
0e+0

PRI
&S

duration [d-hrmin]





image8.png
| g, 2.

g 20

.

| g, 2:

e ” D,

o oo *° L, %.
%,

e 2 T e Y%

& & & & &

(wdd] gN U1 u2)U0d Jejem

duration [:d:hrmin]




image80.png
| g, 2.

g 20

.

| g, 2:

e ” D,

o oo *° L, %.
%,

e 2 T e Y%

& & & & &

(wdd] gN U1 u2)U0d Jejem

duration [:d:hrmin]




image1.png




