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Threshold Shifting of NMOS Transistors by Arsenic 
Ion Implantation Prior to Gate Oxidation 

JOEL PEREIRA DE SOUZA AND E. CHARRY, MEMBER, IEEE 

Abstract—This paper reports on the threshold adjustment of NMOS 
transistors by arsenic ion implantation in the channel region directly 
into bare silicon just before the gate oxidation. Experimental results 
showed very good uniformity and reproducibility of the threshold 
voltages, low body effect, and high mobility values. 

NOMENCLATURE 

Co 
	Gate oxide capacitance. 

Exponential factor of the Frohman-Bentchkowsky 
mobility field dependence [8] . 

L' 
	

Effective channel length. 
QI 
	Implanted charge density. 

QIS Electrical activated portion of the implanted charge that 
lies in silicon after all thermal process. 

VBS Substrate-source reverse bias. 

VDS Drain-source voltage. 
VT 
	Threshold voltage. 
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a 
	

Qrs/Q/ final electrical active fraction of the implanted 
charge in the channel. 

Proportionality constant between the threshold shift 
and the implanted charge. 

VT Threshold voltage shift. 

OFP Acceptor substrate Fermi level. 

I. INTRODUCTION 

THE USE OF depletion-type transistors as a load in digital 
integrated circuits offers several advantages over enhance- 

ment or resistive load devices [1] . There are also depletion-
type discrete devices such as single and dual gate MOSFET's 
which are widely employed in the electronics industry. Now-
adays, this type of device is also becoming very important for 
applications in analog integrated circuits [2] . 

The usual process for adjusting the threshold of depletion-
type NMOS devices consists of phosphorus or arsenic ion 
implantation through the gate oxide. However, if a shallow 
implantation profile has to be achieved in order to get devices 
with low body effect, the amount of impurities introduced 
into the silicon substrate can be affected by small variation in 
the oxide thickness, consequently bringing about dispersion in 
the threshold voltage value. In order to improve the control 
over the channel doping we performed that implantation step 
just before the gate oxidation. Moreover, we used arsenic 
because of its low diffusivity into silicon. In this way, the 

0018-9383/81/1000-1176$00.75 © 1981 IEEE 



75
As

+ 
30 keV 

X 0  70 nm 

= 1011 cm 

- 1.0 

E
F

F
E

C
T

 C
O

N
S

T
A

N
T

 K
 ( 0

2
)
 

75As+  30 keV 
X 0 = 70 nm 

0.5 	A - P.- 1011cm 

B- 4.3012cm 

>- 
0 
0 
a' 0 

5 
	

10 

DOSE (10 11 cm -2  ) 

Fig. 2. Body effect constant as a function of dose for two values of 
resistivity. 

TABLE I 
FROHMAN-BETCHKOWSKY EXPONENT C1 [8] 

DE SOUZA AND CHARRY: THRESHOLD SHIFTING OF NMOS TRANSISTORS 	 1177 

0 	 5 
	

10 

DOSE (10 " cm 2 ) 

Fig. 1. Magnitude of threshold voltage shift as a function of the im- 
planted dose. 

final doping profile can be as shallow as the one obtained by 
the conventional process with low temperature anneal step. 
Therefore, these devices can have low body effect with their 
threshold voltage very accurately adjusted to the desired 
value. 

The annealing of the defects generated by the ion implanta-
tion and the electrical activation of the arsenic are realized 
during the gate oxidation. 

II. EXPERIMENTAL PROCEDURE 

For the present work, depletion-type NMOS Al-gate tran-
sistors and Van der Pauw structures were prepared with a 
process similar to that presented in ref. [3] . We used p-type 
silicon wafers, 10- and 30-2 • cm resistivity, (100) orientation, 
and 11 11  diameter. After the opening of the gate windows, 
arsenic was implanted with doses ranging from 1.40 X 10 11 

 to 1.20 X 1012  cm -2  with 30-keV energy. The gate oxida-
tion was performed in 02  plus 5 percent HCl atmosphere at 
1000°C in order to grow 70-nm oxide thickness. 

III. RESULTS AND ANALYSIS 

Fig. 1 shows the experimental results of the threshold voltage 
shift versus the implanted doses, for long channel devices (L' = 
20 pm). The threshold voltages were measured in the linear 
region with small Kos (100 mV). Because of the strictly 
linear relationship we can write 

A VT = 3Q1. 	 (1) 

For our particular case a  is equal to 1.52 X 10' F -1 . By 
measurement of surface carrier density in the Van der Pauw 
devices [4], [5] , we determined that the electrically active 
fraction a of the implanted charge that lies in the channel 
after all thermal process has an average value of 0.76. How-
ever, the ratio alCo  agrees very well with so we can rewrite 
(1) as 

A VT = aQi1C0 	 (2) 

or 

AVT  = Q/s/Co 	 (3) 

L' 	(pm) C l 
 

200 0.10 

20 0.10 

10 0.11 

5 0.23 

3 0.36 

as expected for shallow implanted channel devices [6] . 
The maximum dispersion in the threshold voltage values was 

±50 mV for devices across each wafer for every dose, or for 
different wafers implanted with the same dose, and it is 
mainly due to variations in the effective surface charge density 
Q„, as detected by unimplanted control devices. These re-
sults were confirmed by several fabrication runs performed at 
different times. 

Fig. 2 shows the body effect constant as a function of the 
implanted dose. The body effect constant was assumed as 
the slope of the experimental VT versus ( VBs  + 20Fp) 1 / 2  plot. 
The low values obtained warrant the good performance of 
these devices for both digital and analog applications. 

The mobility values range from 800 to 650 cm 2/V • s being 
inversely dose dependent. These mobility values indicate 
that the silicon substrate underneath the gate oxide is well 
annealed. 

The drain characteristics agree very well with the classic 
one [7] using field mobility dependence of Frohman-Bentch-
kowsky [8] with the C1  exponent dependent on the channel 
length. In Table I we quote the C 1  values which gave the best 
fit between the theoretical and experimental curves, for de-
vices with several channel lengths. 
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Depletion-type NMOS Si-gate transistors also were fabri-
cated in few runs using the described process of threshold 
voltage shifting. The results obtained are in close agreement 
with the above reported for Al-gate devices. 

IV. CONCLUSION 

We presented in this paper a simple process for adjustment 
of the threshold voltage of depletion-type NMOS transistors. 
By this process we attained a high degree of control of the 
threshold voltage shift with electrical characteristics proper 
for high-speed digital circuits and for analog devices. 

The drain characteristics obey the C o  model as expected 
for devices with shallow channel junctions [9] . 

REFERENCES 

[1] R. Crawford, MOSFET in Circuits Design. New York: McGraw-
Hill, 1967. 

[2] D. Senderowicz, D. A. Hodges, and P. R. Gray, "High performance 
NMOS operational amplifier," IEEE J. Solid-State Circuits, vol. 
SC-13, pp. 760-766, Dec. 1978. 

[3] J. P. de Souza and E. Charry, "A simplified self-aligned Al-gate 
MOS technology for high performance depletion logic circuits," 
IEEE J. Solid-State Circuits, vol. SC-14, pp. 651-653, June 1979. 

[4] N.G.E. Johansson, J. W. Mayer, and 0. J. Marsh, "Technique used 
in Hall effect analysis of ion implanted Si and Ge," Solid-State 
Electron., vol. 13, pp. 317-335,1970. 

[5] W. R. Runyan, Silicon Semiconductor Technology. New York: 
McGraw-Hill, 1965, ch. 8. 

[6] M. Kamoshida and 0. Kudoh, "Surface depletion width depen-
dence of threshold voltage shift of ion implanted MOS transistors," 
Appl. Phys. Lett., vol. 24, no. 10, pp. 501-503, May 15,1974. 

[7] R.S.C. Cobbold, Theory and Applications of Field-Effect Tran-
sistors. New York: Wiley, 1970. 

[8] D. Frohman-Bentchkowsky, "On the effect of mobility variation 
on MOS device characteristics," Proc. IEEE, vol. 56, pp. 217-218, 
1968. 

[9] J.S.T. Wang and G. W. Taylor, "Modeling of ion-implanted silicon-
gate depletion-mode IGFET," IEEE Trans. Electron Devices, vol. 
ED-22, pp. 995-1001,1975. 

An Experimental Study of the BO-MOS Dynamic 
RAM Cell 

JUNE SAKURAI, MEMBER, IEEE 

Abstract-A novel structure of a one-transistor dynamic MOS RAM 
cell is developed for higher integration. The buried-oxide MOS (BO-
MOS) RAM cell consists of a planar MOSFET transfer gate and a storage 
capacitor of buried 1Sr .  diffusion. This three-dimensional structure re-
sults in a cell size of 6F 2  with a minimum feature size F and the large 
capacitance ratio of storage to bit-line which is about 4 times that of a 
typical commercial 64-kbit RAM cell. The soft-error-immunity cell 
structure is also taken into account. Static device characteristics of the 
planar MOSFET transfer gate built on an epitaxial layer and the buried 
storage capacitance are investigated relating to doses of boron im-
plantation to the channel and substrate. Dynamic WRITE/READ oper-
ations are performed with an experimental 4 X 10 cell array imple-
mented with F = 4-gm features. The technology offers the possibilities 
of a high density dynamic MOS RAM with a single poly-Si process. 

I. INTRODUCTION 

ACOMBINATION OF a MOSFET transfer gate and an 
MOS capacitor is the most common form of the present 

high-capacity MOS dynamic RAM cell. However, the MOS 
capacitor occupies a considerable portion of the cell. Further-
more, this thin- and large-area oxide film is a major cause of 
yield degradation, such as gate-oxide shorts, leakage, or 
threshold-voltage shifts due to unexpected contamination [1] . 
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This situation will become much more severe for a high pack-
ing density memory because as further scaling-down continues, 
an extremely thin-oxide film may be needed. Under these 
circumstances, it is a logical step that three-dimensional struc-
tures have been introduced for higher packing density. One 
direction is the buried junction storage concept such as the 
VMOS dynamic RAM cell [2] and the other is the stacked 
thin film capacitor cell [3] . The cell structure of either type 
has the charge storage located under or over the transfer gate, 
which results in a great saving of the silicon real estate. 

In this paper we describe the fabrication processes, struc-
tural features, and experimental results of the BO-MOS RAM 
cell, which has a buried junction storage located under a planar 
MOSFET transfer gate. 

II. PROCESS TECHNOLOGY 

Fig. 1 illustrates the fabrication steps for a pair of the BO-
MOS RAM cell. The cross-sectional and top views of the cell 
are shown in Fig. 2. The fabrication sequences were described 
extensively in a previous paper [4] . 

One of the radical processing steps on the BO-MOS RAM 
cell is the buried-oxide process [5] , which is a simultaneous 
growth of poly- and single-silicon layer over the selectively 
oxidized wafer. The epitaxial layer of 0.6 — 1.0 pm in thick-
ness has been grown from the decomposition of 1 percent 
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