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Abstract

S2Cl2 diluted in the non-conductive CCl4 solvent has been successfully applied to the passivation of GaAs field-effect

transistors. In such a solution, in situ measurements of current–voltage (I–V) characteristics of the devices are accessible while

the passivation is in process. By comparing the I–V data measured from the devices upon passivation in various concentrated

S2Cl2 solutions, it is found that the volume ratio of 10�5 (S2Cl2:CCl4) represents the optimal concentration where dipping of a

device for 450 s or so will result in a 28% rise in breakdown voltage while the transconductance reduces only by 10%.
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1. Introduction

Sulfur passivation is an important technique to

enhance the stability and performance of GaAs and

other III–V compound devices. Ever since the work

reported by Sandroff et al. [1], many new techniques

have been invented [2–12] and applied to passivate the

practical devices [13–20]. In these techniques, some

liquid phase treatments are proved to be very effective.

For example, (NH4)2S [3], organic thiols [5],

(CH3CSNH2) [9] and SeS2:CS2 [12] are used as the

passivation solution. Among them, (NH4)2S liquid

phase treatment has been most widely applied to

the passivation of practical devices. For instance,

Dong et al. reported the technique using aqueous

solution of (NH4)2S to passivate metal-semiconductor

field-effect transistors (MESFETs) [19]. In their work,

after the MESFET was passivated by the (NH4)2S

solution at 60 8C for 10 min, the breakdown voltage

could rise around 30% and the transconductance (GM)

decrease somewhat. Another inspiring work of Kang

et al. [20] further developed the S-passivation techni-

que on MESFET by adding hydrogenation to the

process.

In previous work of Li et al. [6], a new sulfur

passivation using oxygen-free S2Cl2 solution to

replace the ordinary (NH4)2S solution was developed

and then successfully applied to passivate GaAs het-

erojunction bipolar transistors (HBTs) [13]. More
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recently, the study of Gnoth et al. [21] confirmed the

S2Cl2 has a similar nature of S-III–V bonding to

(NH4)2S when used to passivate the GaAs surface.

The extra advantage of S2Cl2 passivation is that its

non-conductivity enables real-time monitoring of the

treatment process. In this work, diluted S2Cl2 solution

is used to passivate MESFETs, and two electric para-

meters, breakdown voltage and transconductance, are

measured in real-time while both the passivation time

and concentration of the solution are adjusted. The

improvement of dc characteristic of MESFETs com-

parable with previous (NH4)2S passivation work [19]

is demonstrated. A detailed investigation on the use of

real-time monitoring to optimize the passivation con-

ditions is also presented. By passivating MESFET

samples again under the same conditions and without

real-time monitoring, we demonstrate the validity of

our method to choose the optimal passivation condi-

tions.

2. Experimental

The cross-section of the MESFET samples relevant

is schematically shown in Fig 1a. The MESFET was

grown by molecular beam epitaxy (MBE) on a semi-

insulating GaAs substrate. Ohmic contacts were made

to the Nþ source and drain regions while the gate was

formed via Schottky contact [19]. The remaining

GaAs surfaces between source and the gate and

between drain and the gate, the positions where

S2Cl2 and GaAs react, were uncoated. The gate length

Fig. 1. (a) Schematic cross-section of the MESFET samples studied. (b) Real-time picture taken from the oscilloscope. The left, the

dependence of the current flowing between the drain and gate on the voltage applied (where Idg ¼ 20 mA/div, Vdg ¼ 5 V/div); the right,

common emitter characteristic (where Ids ¼ 5 mA/div, Vds ¼ 1 V/div and Vgs corresponding to the four contours are 0, �0.5, �1.0 and �1.5 V,

respectively).
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and width were 0.8 and 125 mm, respectively. The

gate-source and gate-drain separations were both

2.5 mm. The electric parameters are measured on

the platform by pinning the testing probes on the

contact pads of the MESFET samples.

Our experiment is carried out as follows: having

been ultrasonically cleaned using acetone, ethanol and

deionized water in sequence and then blown dry by

nitrogen gas, the samples were placed into a glass

vessel containing diluted S2Cl2 solution. The glass

vessel was then put together with the sample on a

platform in order to measure its electric parameters

before and during the passivation. Two representative

dc parameters were measured: the break-down vol-

tage, VBR, defined as the voltage across the drain and

gate when the current reaches 0.1 mA, in the condition

of source open; transconductance, GM, defined as the

variation of the current between the drain and source

(Ids) divided by the voltage across the gate and the

source (Vgs), in the condition of the voltage between

the drain and the source (Vds) fixed, say, at 5 V. Fig. 1b

shows the real-time picture taken from the oscillo-

scope. The left figure, from which VBR can be deter-

mined, shows the dependence of current flowing

Fig. 2. Real-time data of VBR (a) and GM (b) at different passivation time and in different concentration of S2Cl2 solution. The inset shows the

dependence of breakdown time on concentration of S2Cl2 (n) in log scales.
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between the drain and gate on the voltage applied; the

right figure, from which GM can be determined, shows

the common emitter characteristic. The procedure is

repeated for various concentrations, n, of S2Cl2 solu-

tions: 10�1, 10�2, 10�3, 10�4, 10�5 and 10�6. Here

concentration (n) is defined as the volume ratio of

S2Cl2:CCl4.

3. Results and discussion

Fig. 2a shows the dependence of VBR on the passiva-

tion time under conditions of various concentrations of

S2Cl2 solution. Before passivation, average VBR is

18 V. After the passivation started, VBR increases

and reaches a maximum before the MESFET sample

breaks down. The higher the concentration, the quicker

the VBR reaches a maximum. When n ¼ 10�5 and

under 9 min passivating, the breakdown characteristic

is greatly improved and a 5 V enhancement of VBR

from 18 to 23 V is achieved. It is evident that the S2Cl2
treatment effectively modifies the device surface. As

generally recognized, high surface recombination rates

and bound surface charges can be mainly attributed to

the native oxides and to various recombination centers.

The reaction between S2Cl2 and GaAs can quickly

form a sulfur-terminated layer [21]. The formation of

Ga–S and As–S on the GaAs surface greatly reduces

both the recombination rate and the number of bound

surface charges [22], and thereby contributes to the

increase of the VBR [19]. As passivation continues, the

S-containing S2Cl2 solution will, in addition to passi-

vating the surface, etch away GaAs until the MESFET

sample breaks down [13]. In order to obtain good

breakdown features, removal of native oxides and

prevention of the surface from further etching are

equally crucial. The optimal passivation time should

be properly chosen so as to replace the oxide layer with

sulfur-terminated layer while not overetching the

GaAs surface.

Fig. 2b shows the dependence of GM on the passi-

vation time under conditions of different concentra-

tions. Before passivation, average GM is 19 mA/V.

Under conditions with S2Cl2 concentration higher

than 10�4, GM reaches a maximum and then decreases

before the MESFET sample breaks down. When the

concentration is less than 10�4, GM simply drops

without ever reaching a maximum. According to the

data, GM ranges from 15 to 21 mA/V, so that GM may

be adjusted within this range when selecting proper

passivation conditions. GM can be adjusted to meet

different practical requirements: a decrease of GM

indicates a wider base voltage range; an increase of

GM is essential to achieve higher power [19].

The inset in Fig. 2b shows the dependence of

breakdown time (defined as the time when the MES-

FET sample breaks down) on the concentration of

S2Cl2 solution (n) in log scales. All the data points lie

on a line except the (10�6) point. This line is important

because it separates all passivation conditions into two

regions: above the line is the breakdown region, and

viable passivation conditions should be chosen from

the region below the line.

The comparison between the passivation results

with and without monitoring is shown in Fig. 3. The

concentration of S2Cl2 solution is 10�5 in both cases.

The general trend of VBR is naturally uninfluenced by

real-time monitoring. Although exact breakdown

times of the monitored samples and unmonitored

samples do not coincide, the passivation results are

not significantly affected by the real-time monitoring,

and our optimal conditions obtained through such

monitoring are considered valid and reliable.

Besides the electrical parameters, process stability

is an important factor in choosing the optimal condi-

tions for practical passivation. For instance, a GM of

Fig. 3. Comparison between passivations with and without

monitoring. The open symbols indicate the data of VBR without

monitoring; the dark ones correspond to data obtained through real-

time monitoring. Both are carried out in the 10�5 diluted S2Cl2
solution.
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21 mA/V can be reached by dipping the sample into

10�1 S2Cl2 solution for 11 s. However, the sample will

break down if dipped two more seconds. This condi-

tion is obviously undesirable for stable and control-

lable passivation. With all factors comprehensively

considered, the condition of the 10�5 S2Cl2 and 450 s

is most stable and favorable, under which about 28%

increase of VBR and 10% decrease of GM are achieved.

If the decrease of GM is unacceptable, passivating for

150 s in 10�4 S2Cl2 gives about 12% increase of VBR

and none decrease of GM [23].

4. Conclusion

Real-time monitoring is a very effective and viable

technical method to optimize the condition of S2Cl2
passivation of GaAs MESFETs. This method may be

applied to all liquid phase treatments, provided the

passivation solution is non-conductive. By adjusting

two parameters (the passivation time and the concen-

tration of the S2Cl2 solution), optimal conditions can

be easily determined according to different require-

ments. In this work, significant improvement of the dc

characteristics of MESFETs has been achieved and

two sets of optimal conditions for different require-

ments are given. We also proved the validity of real-

time monitoring by ruling out any significant distor-

tion of passivation results by the monitoring system.
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