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ABSTRACT 

Anisotropic, smooth etching of the group-ID nitrides has been reported at relatively high rates 
in high-density plasma etch systems. However, such etch results are often obtained under high 
dc-bias andor high plasma flux conditions where plasma induced damage can be significant. 
Despite the fact that the group-III nitrides have higher bonding energies than more conventional 
111-V compounds, plasma-induced etch damage is still a concern. Attempts to minimize such 
damage by reducing the ion energy or increasing the chemical activity in the plasma often result 
in a loss of etch rate or anisotropy which significantly limits critical dimensions and reduces the 
utility of the process for device applications requiring vertical etch profiles. It is therefore 
necessary to develop plasma etch processes which couple anisotropy for critical dimension and 
sidewall profile control and high etch rates with low-damage for optimum device performance. 
In this study we report changes in sheet resistance and contact resistance for n- and p-type GaN 
samples exposed to an Ar inductively coupled plasma (ICP). In general, plasma-induced damage 
was more sensitive to ion bombardment energies as compared to plasma flux. In addition, p- 
GaN was typically more sensitive to plasma-induced damage as compared to n-GaN. 

INTRODUCTION 

Plasma-induced damage has become more relevant to -the group-IU nitride materials as 
interest in electronic devices has increased. For example, with the recent reports of GaN/AlGaN 
heterojunction bipolar transistors (HBTs)'" low damage etch processes are required to form the 
collector and base contacts. For HBTs, plasma-induced damage can increase surface 
recombination currents in the base-emitter junction and surface generation currents in the base- 
collector junction. Furthermore, the active regions of many electronic devices of interest are 
often shallow thus requiring low damage plasma processes to ensure optimum device 
performance. 

To date, the majority of plasma etch development for the group-III nitrides has been for 
optoelectronic devices where mesa structures are etched to depths often greater than 1 pm. The 
etch requirements typically include high rate (- 1 pdmin) ,  smooth sidewall morphologies, and 
anisotropic profiles. With the increased interest in electronic devices, etch requirements must 
also include slow, controlled etch rates, selectivity of one material over another, and low- 
damage. High-density plasma (HDP) etch systems, and in particular inductively coupled plasma 
(ICP) etch systems, have shown encouraging results for the development of versatile, well- 
controlled etch processes. For example, GaN etch rates ranging from -100 h m i n  to >1 p d m i n  
have been reported in ICP etch systems with anisotropic profiles and smooth etch 
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morphologies.4~’0 Unfortunately, the best etch results are often obtained under energetic ion 
bombardment and/or high plasma flux conditions which can increase plasma-induced damage. 

Plasma-induced damage can take many forms causing degradation of electrical and optical 
properties of the device. Several damage mechanisms are summarized be10w.~~’~~ 

a) Energetic ion bombardment can create lattice defects or dislocations, formation of 
dangling bonds on the surface, or implanted etch ions. These defects often act as deep level 
states and produce compensation, trapping, or recombination in the material. Damage .as deep as 
1000 A has been reported in GaAs.13 

b) The presence of hydrogen during the etch process due to either its use in the plasma 
chemistry, residual water vapor in the chamber, or other sources including erosion of the 
photoresist mask, can unintentionally passivate the dopants present in the material up to depths 
of several thousand angstroms. 

c) Polymer deposition may occur due to the use of plasma chemistries containing CH, 
radicals or reactions of photoresist masks with the plasma. 

d) Non-stoichiometric surfaces may be formed due to preferential loss of one of the lattice 
constituents. This often occurs due to large differences in the volatility of the respective etch 
products, leading to enrichment of the less volatile species, or preferential sputtering of the 
lighter element. Non-stoichiometric depths are typically < 100 A. 

Since GaN is more chemically inert than GaAs and has higher bonding energies, it may be 
reasonable to use higher ion energies during the etch process with potentially less damage to the 
material. However, reports of plasma-induced damage of the group-IlI nitrides have been 
limited. Pearton and co-workers have reported plasma-induced damage results for InN, InGaN, 
and InAlN in an ECR-generated plasma where the damage increased as a function of ion flux and 
ion energy.” Ren and coworkers also studied the effect of plasma-induced damage on the 
electrical characteristics of InAlN and GaN FET structures for ECR BCI,, BCl,/N,, and CH,& 
plasmast4 Several trends were observed: 1) in the presence of hydrogen, passivation of the 
doping in the channel layer can occur; 2) ion bombardment energies can create deep acceptor 
states that compensate the material; and 3) preferential loss of N can produce rectifying gate 
characteristics on etched surfaces. Ping and coworkers studied GaN Schottky diodes for Ar and 
SiC1, RIE plasmas and observed more damage in pure Ar plasmas and a strong dependence on 
dc-bias .Is 

In this paper we report the effect of plasma-induced-damage on n- and p-type GaN by 
monitoring changes in the sheet resistance (RJ and specific contact resistance (r,) of thin 
conducting layers under a variety of ICP plasma conditions simulating those used during device 
etching. Sheet resistance and specific contact resistance determined from the circular 
transmission line model (TLM) are used to evaluate plasma-induced damage. 

EXPERIMENT 

The GaN films etched in this study were grown by either metal organic chemical vapor 
deposition (MOCVD)I6 or RF-molecular beam epitaxy (ME3E).l7 Both n- and p-GaN were 
evaluated for plasma-induced damage using an ICP reactor. The n-GaN was - 1.2 pm thick 
while the p-GaN was 0.3 pm thick and grown over a 1 pm undoped GaN buffer layer (see Figure 
1). Hall measurements were performed on these samples to determine the carrier concentration 
and mobility. For the MOCVD and MBE n-GaN, the electron concentrations were 8 x 10” cm-3 
and 3 x lOI7 cm” and the mobility was 315 cm’Ns and 263 cm’Ns, respectively. For the MBE 
p-GaN the hole concentration was 1 x 10 I7 cm-’ and the mobility was 5 cm2Ns. 
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Ohmic contacts for circular TLM patterns were formed by metal evaporation and liftoff using 
standard photolithography techniques. In order to evaluate changes in sheet resistance (ARJ, 
GaN samples were first metallized and then exposed to  the Ar plasma. Sheet resistance was 
measured at the same position before and after the plasma exposure. Therefore the effect of the 
doping nonuniformity across the wafer was minimized. To evaluate the specific contact 
resistance (re) as a function of the plasma conditions, the samples were initially patterned with 
A 2  5214 photoresist, exposed to the Ar plasma and then metallized over areas exposed to the 
plasma. Measurements were taken at minimum of 4 positions on each sample. The unannealed 
contacts were 300 Ti and 2500 A A1 for n-GaN and 300 A Ni and 2500 A Au for p-GaN. 

TilAl Ni/Au 

Figure 1. Schematic diagram of n- and p-GaN with metal contacts in place. 

The ICP reactor was a load-locked Plasma-Therm SLR 770, which used a 2 MHz, 3 turn coil 
ICP source. The ion energy or dc-bias was defined by superimposing a rf-bias (13.56 MHz) on 
the sample. The standard ICP etch parameters used in this study were: 45 sccm of Ar, 25°C 
electrode temperature, 2 mTorr total pressure, 500 W of ICP source power, and -100 V dc-bias. 
All samples were mounted using vacuum grease on an anodized A1 carrier that was clamped to 
the cathode and cooled with He gas. Samples were exposed to ICP Ar plasmas for 30 seconds. 
Samples used to calculate etch depth were patterned using AZ 4330 photoresist. Etch depths 
were measured with a Dektak stylus profilometer after the photoresist was removed with an 
acetone spray and were consistently < 150 A independent of plasma conditions. 

Plasma-etch-induced damage effects were evaluated by calculating Rsh and rc with the circular 
transmission line-method analysis.'* Ohmic metals were deposited with gap spacings (d) of 2.5, 
5 ,  10, 15, 20, and 25 pm (see Figure 2). The radius of the outer metal contact (r,) was 100 pm 
while the inner radius (r,) was defined by the radius of the outer contact minus the gap spacing 
for the individual structures. The resistance between contacts as a function of gap spacing was 
measured using a HP-4145B Semiconductor Parameter Analyzer. For. n-GaN samples, the 
contacts exhibited ideal ohmic I-V characteristics and the resistance was taken at an injection 
current of 20 mA. However, a slightly rectified I-V curve was observed for Ni/Au contacts to 
p-GaN, therefore it was necessary to define the current at which the resistance was measured. 
Due to the relatively large Mg acceptor ionization energy (-170 meV), only small portions of Mg 
acceptors were ionized at room temperature and the hole concentration of p-GaN was sensitive to 



the temperature. In order to minimize the effect of temperature variation on the measurement 
due to local resistive heating of each device, the resistance was measured at a fixed power of 100 
mW. The gap spacing, which was used in the analysis, was measured by SEM imaging. Linear 
regression of measured resistance versus spacing yielded excellent fits with correlation factors > 
0.995. The data reported is the average of the measured devices. 

Figure 2. Schematic diagram of the circular metal contact mask used to calculate R, and rc. The 
outer radius r, was held constant at 100 pm. 

RESULTS AND DISCUSSIONS 

It is important to realize that the use of a pure Ar plasma creates a worse case scenario for 
plasma-induced damage due to the lack of chemical interactions. With the introduction of 
reactive gases to the plasma for a given ion energy and plasma density, the damage will be 
reduced when compared to a sputter mechanism since damaged material is typically being 
removed at a higher rate, leaving a shallower damage depth. 

Sheet resistance prior to plasma exposure (RsJ, following plasma exposure, and the net 
change (ARsh) are shown in Figures 3 and 4 as a function of dc-bias. The percent variation in 
sheet resistance (ARsh/Rsh) is also displayed as a function of dc-bias. This data was obtained for 
MOCVD (Figure 3) and MBE (Figure 4) grown n-GaN exposed to a 30 sec Ar ICP plasma. ICP 
conditions were 500 W ICP-source power, 2 mTorr chamber pressure, 40 sccm Ar flow, and 
25°C cathode temperature. As dc-bias increased, the net change in sheet resistance for both 
MOCVD and MBE n-GaN increased monotonically due to higher ion bombardment energies. 
However, the percent variation in sheet resistance was relatively low, less than 20% at -350 V 
dc-bias. In contrast, for MBE p-GaN samples plasma-induced damage was much more sensitive 
to dc-bias. In Figure 5 ,  the percent variation in sheet resistance was -95% at -350 V dc-bias. 
The much stronger effect of plasma-induced damage on p-GaN was attributed to the preferential 
loss of lighter nitrogen atoms under energetic ion bombardment conditions, which can create n- 
type N-vacancies and compensate the p-GaN. In addition, thinner p-GaN layers (-0.3 pm as 
compared to -1.2 pm for n-GaN) and lower hole concentrations (-1 x lOI7 cm” as compared to 3- 
8 x 10” cm” electron concentration in n-GaN) made the conductivity of the p-GaN film more 
sensitive to the plasma-induced damages at the surface. It is worth noting that the plasma- 
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induced damage did not produce a lower sheet resistance for n-GaN despite higher electron 
concentrations at the surface due to n-type N-vacancies generated by the plasma. Higher sheet 
resistances observed in n-GaN at higher dc-biases may be attributed to either a thinner n-GaN 
layer caused by Ar ion sputter removal (typically <150 A), lower electron mobility in the 
damaged n-GaN layer, or trapping of electrons by the plasma-induced defects. 
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Figure 3. MOCVD n-GaN sheet resistance before plasma exposure, after exposure, the net 
change, and the % variation (ARSh/Rsh) is plotted as a function of dc-bias. ICP conditions were 
500 W ICP-source power, 2 mTorr chamber pressure, 40 sccm Ar flow, and 25°C substrate 
temperature. 
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Figure 4. MBE n-GaN sheet resistance before plasma exposure, after exposure, the net change, 
and the % variation (AR,,/R,,) is plotted as a function of dc-bias. ICP conditions were 500 W 
ICP-source power, 2 mTorr chamber pressure, 40 sccm Ar flow, and 25°C substrate temperature. 

Sheet resistance was also studied as a function of plasma flux for MOCVD and MBE n- and 
MBE p-GaN. As a function of source power, the concentration of reactive species typically 
increases which increases the chemical component of the etch mechanism. In addition, the ion 
flux increases which increases the bond breaking efficiency and the sputter desorption 
component of the etch mechanism. Thus by carefully controlling the ICP-source power and the 



ion bombardment energy in the plasma, the chemical and physical components of the etch 
mechanism can be balanced. In Figures 6 and 7, MOCVD and MBE n-GaN sheet resistance and 
percent variation in sheet resistance is shown as a function of ICP-source power. Sheet 
resistance for n-GaN samples showed a very weak dependence on ICP-source power. For these 
experiments, the dc-bias was held constant at -1OOV. The percent variation in sheet resistance 
showed less than a 10% change independent of plasma flux. The small amount of change in 
sheet resistance was attributed to the low ion bombardment energies generated at -100 V dc-bias. 
In comparison, Figure 8 shows sheet resistance and percent variation in sheet resistance plotted 
as a function of ICP-source power for MBE grown p-GaN. Once again, the p-GaN material was 
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Figure 5. MBE p-GaN sheet resistance before plasma exposure, after exposure, the net change, 
and the 70 variation (ARJRJ is plotted as a function of dc-bias. ICP conditions were 500 W 
ICP-source power, 2 mTorr chamber pressure, 40 sccm Ar flow, and 25°C substrate temperature. 
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Figure 6. MOCVD n-GaN sheet resistance before plasma exposure, after exposure, the net 
change, and the 96 variation (ARs,/Rs,) is plotted as a function of ICP-source power. TCP 
conditions were -100 V dc-bias, 2 mTon chamber pressure, 40 sccm Ar flow, and 25°C substrate 
temperature. 
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much more sensitive to plasma-induced damage due to preferential loss of lighter nitrogen atoms 
which created n-type N-vacancies and compensated the p-GaN, thinner p-GaN layers, and lower 
hole concentrations. The percent variation in sheet resistance increased to -25% at 375 W and 
then decreased as the ICP-source was increased further. This trend may be attributed to the 
balance between the formation and removal of the damaged layers under high plasma flux 
conditions. Typically, 4 5 0  A of GaN was removed under these plasma conditions. 
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Figure 7. . MBE n-GaN sheet resistance before plasma exposure, after exposure, the net change, 
and the 9% change is plotted as a function of ICP-source power. ICP conditions were -100 V dc- 
bias, 2 mTorr chamber pressure, 40 sccm Ar flow, and 25'C substrate temperature. 
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Figure 8. MBE p-GaN sheet resistance before plasma exposure, after exposure, the net change, 
and the % variation (Msh/Rsh)  is plotted as a function of ICP-source power. ICP conditions were 
-100 V dc-bias, 2 mTorr chamber pressure, 40 sccm Ar flow, and 25°C substrate temperature. 

Contact resistance was also used to evaluate ICP damage for MOCVD n-GaN and MBE p- 
GaN. In Figure 9, the contact resistance is plotted as a function of dc-bias and ICP-source power 
for MOCVD grown n-GaN. The contact resistance increased by almost 3 orders of magnitude as 
the dc-bias increased from -25 V to -350 V. The increase in damage was attributed to the more 
physical nature of the etch process under high ion bombardment energy conditions. As the ICP- 



source power increased from 125 W to 375 W, the contact resistance increased by less than an 
order of magnitude. The dc-bias was held constant at -100 V. Therefore, as the plasma flux 
increased, the damage was less severe as compared to the more physical ion bombardment 
component of the etch mechanism. Above 375 W ICP-source power the contact resistance 
remained relatively constant possibly due to more effective removal of the damaged layer. Thus, 
the balance between the formation and removal of the damaged layers are critical to the plasma- 
induced damage mechanism. The contact resistance is also plotted as a function of dc-bias and 
ICP-source power for MBE grown p-GaN in Figure 10. Despite the fact that the contacts to p- 
GaN were not Ohmic, the contact resistance for p-GaN was again more sensitive to the increase 
in ion bombardment energies as compared to plasma flux. 

1 .E-03 
h 

"E 

si 1.E-04 
c 

1.E-05 

1 .E-06 

W 

e 1.E-05 1 / 
; 

1 .E-06 1 
L 

0 100 200 300 400 0 200 400 600 800 1000 

DC bias (V) ICP power (W) 

Figure 9. MOCVD n-GaN contact resistance as a function of dc-bias and ICP-source power. 
ICP conditions were either 500 W ICP-source power, or -100 V dc-bias, 2 mTorr chamber 
pressure, 40 sccm Ar flow, and 25°C substrate temperature. 

1 .E+OO 

l.E-01 -, c 

W 

1 .E-02 

1 .E-03 
0 100 200 

DC bias (V) 
300 400 

1 .E40 

1 .E-03 
0 200 400 600 800 1000 

ICP power (W) 

Figure 10. MBE p-GaN contact resistance as a function of dc-bias and ICP-source power. ICP 
conditions were either 500 W ICP-source power, or -100 V dc-bias, 2 mTorr chamber pressure, 
40 sccm Ar flow, and 25°C substrate temperature. 

It is interesting to note that damage generated as a function of ICP-source power or plasma 
flux, showed recovery or at least stabilization under high power conditions (see Figures 6-10). 
This trend may demonstrate the balance between depth of the induced damage and the ability to 
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remove the damaged material. Under low to moderate ICP-source powers, the damaged area was 
not removed efficiently. However, under high power conditions there is a competition between 
generation of damage and sputter removal of the damaged layers. Less than 150 A of GaN was 
removed under these conditions, which implies that the damage is quite shallow. 

CONCLUSIONS 

In summary, damage to GaN devices during plasma processing can be significant. Under all 
conditions, plasma induced damage was more sensitive to dc-bias as compared to ICP-source 
power implying that ion bombardment energy plays a significant role in the damage mechanism. 
For sheet resistance, the p-GaN samples showed much more damage than the n-GaN possibly 
due to the preferential loss of lighter nitrogen atoms that created n-type N-vacancies and 
compensated the p-GaN. In addition, thinner p-GaN layers and lower hole concentrations made 
the conductivity of p-GaN film more sensitive to the plasma-induced damages at the surface. 
Higher sheet resist,ances observed in n-GaN at higher dc-biases may be attributed to either a 
thinner n-GaN layer caused by Ar ion sputtering, lower electron mobility in the damaged n-GaN 
layer, or trapping of electrons by the plasma-induced defects. It is important to note that this 
study presents a worst case scenario since material is not being removed at rates typical in a 
standard etch process. Additionally, much of this damage may be removed by post-etch 
processes including high-temperature anneals or wet chemical etch processes. 
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