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Fabrication of bipolar transistors by maskless ion implantation 
Robert H. Reuss, Damon Morgan, and Ann Goldenetz 
Motorola Inc., Semiconductor Research and Development Laboratories, Phoenix, Arizona 85008 

William M. Clark, David B. Rensch, and Mark Utlaut 
Hughes Research Laboratories, Malibu, California 90265 

(Received 10 June 1985; accepted 13 September 1985) 

The first focused ion beam (FIB) arsenic ion implants are reported. A shallow junction, vertical 
npn bipolar transistor fabricated by maskless implantation of B and As is described. For 
comparison, devices on the same wafer were also processed with conventional, broad-beam B 
and/or As implants. Good transistor performance is obtained for each type of implanted 
transistor. Device characteristics for FIB and conventional implants are generally the same. 
However, initial results indicate that diode quality and junction leakage appear somewhat 
degraded (excess generation-recombination) for FIB arsenic implanted devices. Characteristics 
of FIB boron implanted devices obtained over an extended period have been measured. These 
data indicate that wafer-to-wafer dose uniformity and quality (diode ideality and leakage 
currents) is equal to that for conventional implants (standard deviations < 10% ). Device-to­
device quality on a single wafer is also equal for the two techniques, while the device 
reproducibility is somewhat less for FIB, indicating some minor fluctuations in beam current 
(dose). 

I. INTRODUCTION 

The interest in and development of focused ion beam (FIB) 
implantation has increased significantly over the last few 
years. 1-

3 Exploratory results have been published for silicon 
transistors4--6 and resistors 7 fabricated with maskless FIB 
implants. Several groups have also reported FIB implanted 
GaAs devices.8

- 10 

A major driving force for the interest in FIB is the reduc­
tion in the number of process steps and therefore the poten­
tial for improved yield and turnaround time. 2•

3 The improve­
ment in device performance which is theoretically possible 
with graded lateral dopant profiles4 or < 0.5 µm implanted 
regions6 is another major factor encouraging the develop­
ment of FIB technology. 

Before FIB implantation can have significant impact, 
however, further work in a number of areas is required. Key 
issues include availability of dopant ion sources and ade­
quate characterization of the FIB implant process. Desired 
sources for the fabrication of GaAs devices have been dem­
onstrated. 11 However, sources compatible with Si device 
fabrication have been more difficult to achieve. 12 With re­
gard to understanding the implant process, differences in 
FIB and conventional, broad-beam implantation have been 
noted relative to lateral spread, 13 lattice damage, 14

•
15 and 

depth penetration. 16 That such differences in the two tech­
niques can occur in some cases is not surprising, since the 
FIB current density (-A/cm2

) is 103-106 times higher. 
However, for device fabrication it is obviously necessary to 
be aware of the extent of the possible differences in implant 
characteristics. An equally important factor in the applica­
tion of FIB implantation is the uniformity and reproducibil­
ity of the implant process. To date, no data relative to this 
question have appeared. 

This paper reports progress in several areas relevant to the 
development of FIB maskless implantation. Specifically, the 

first totally FIB implanted (Band As) bipolar transistors are 
described. In addition, a further study4 of FIB boron im­
planted transistors has been conducted to investigate the re­
producibility of the FIB process. The device results for both 
FIB B and As implantation are shown to be comparable to 
those for conventionally (broad-beam) implanted transis­
tors. The successful demonstration of an As ion source for 
device fabrication and good quality, reproducible transistors 
from the B source are encouraging results in the develop­
ment of an FIB maskless silicon device fabrication capabili­
ty. 

II. EXPERIMENTAL 

The process flow was similar to that previously described4 

and is summarized in Fig. 1. Starting wafers were ( 100) 
orientation, Sb doped ( p < 0.01 !l cm) with 1.8 µm As 
doped ( p = 0.5 !l cm) deposited epi. After the FIB implan­
tation, selected regions of the wafer were conventionally im­
planted by means of positive photoresist masks. Implant 
damage was annealed and the dopants activated with one 
1000 °C, 15 min anneal in N 2• Contacts and metal (Al/Si 
alloy) flows were accomplished by standard procedures. A 
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FIG. I. FIB bipolar process fl.ow. 
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schematic view (cross-sectional and plan) of the bipolar 
transistor is presented in Fig. ¥our-point probe sheet resis­
tance (R, ) patterns were also fabricated with the same mask 
set. 

The FIB system 17 and implant procedures4 have been pre­
viously described. The pattern ~as written by repeatedly 
scanning (depending on the desired dose) the beam having a 
pixel dwell time of 200 ns with an 80% overlap to insure 
uniform coverage. With the highest resolution ( 1/ e Gaus­
sian spot-0.15 µm) beam defining aperture the B + target 
current is about 10 pA. Under similar conditions, the As+ 
target current is over 25 pA. Higher target currents can be 
obtained by use of a larger beam defining aperture. The max­
imum source angular current intensities at a source extrac­
tion current of20µA are approximately 1.5 µA/sr for Band 
9 µA/sr for As. These currents allow the base pattern 
(80X90µm 2

) to be written in 15 sand the emitter pattern 
(20X 40 µm 2

) to be written in 60 s. 
All device data were recorded on an HP4145A semicon­

ductor parameter analyzer controlled by an HP9836 com­
puter. The ideality factors (ID) were measured from the 
slopes of the Gummel plots. 18 An average value of ID 
between 0.5 and 0.7 V was determined. The base resistance 
(RB) was also extracted from Gummel plot data using the 
equation 

RB= 6.VBE -~ln(IB2). 
MB q·MB !Bl 

For convenience, Rb was calculated at 0.8 V. Incremental 
values of V near 0. 8 V and the corresponding I B were used. 

Ill.RESULTS 
A. FIB arsenic implanted transistors 

Any adverse effects of FIB implantation should be easily 
detected by a shallow junction, bipolar transistor. As a mi­
nority carrier device, current gain (Hfe) is very sensitive to 
junction integrity. Shallow junctions (-0.25 µm for the 
emitter base and -0.50µm for the base collector) are readi-

(a) ••• ALIGNMENT 
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FIG. 2. Bipolar transistor structure: (a) cross-sectional view; (b) plan view. 
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ly influenced by such factors as residual implant damage, 
enhanced dopant channeling or diffusion, and coimplanted 
or knocked-on impurities (metals, oxygen, carbon). There­
fore, to assess the quality of the FIB arsenic implant, a series 
of transistors were fabricated on the same wafer. Four differ­
ent versions were processed based on the process flow shown 
in Fig. 1. In the first case, both B (base) and As (emitter) 
were implanted with FIB. The remaining options consisted 
of an FIB emitter (As) and conventional B base, a conven­
tional As emitter and FIB base, or all conventional implants. 

The device characteristics for the FIB As implanted tran­
sistors from two wafers are summarized in Table I. As can be 
seen, good characteristics are obtained. Measured values are 
comparable to those expected based on results from devices 
with conventional implants. Note that for a constant base 
doping density, the Hfe increases with heavier arsenic dop­
ing because of the higher emitter Gummel number. In addi­
tion to demonstrating the viability of both As and B for FIB 
device fabrication, Table I also highlights the ease with 
which implant matrix parametric experiments can be conve­
niently and efficiently conducted. As shown in the table both 
base and emitter dose (as well as energy) can be varied on 
the same wafer. 

While Table I shows that the 1-V characteristics are con­
sistent with expectations, in the long term the quality of the 
device is the major issue. In this regard, the Gummel plots 18 

(log I c and log I B vs VBE ) shown in Fig. 3 are important. 
These are typical results from the same wafer for the four 
different implant options. Note that the characteristics are 
almost identical, particularly in the low current regime. The 
ideality factor (ID) for le in the region of VBE from 0.40 to 
0. 70 V is approximately 1 for all the devices. The corre­
sponding ideality factor for I B is about 1.1 for the devices 
with a conventional arsenic implant while the FIB arsenic 
implanted devices show somewhat less ideal behavior 
(ID= 1.3). 

Further indication of the quality of the FIB implanted 
devices from two wafers is seen in Table II. Diode ideality 
and emitter-base leakage should be sensitive indicators of 
contamination or residual implant damage. As shown in Ta­
ble II (as well as Table III below), FIB implanted B results 
are equivalent to those for broad-beam implantation. How­
ever, there is a difference in performance for the FIB im­
planted As structures. The averaged diode leakage current 
( -140 pA) and the ideality factor for IB (-1.3) are both 
higher than those with conventional As ( - 70 pA and 
-1.07, respectively). This increase is indicative of excess 
generation-recombination centers. Although these are only 
preliminary efforts, the fact that good 1-V characteristics are 
obtained for both FIB boron and conventional As suggests 
that the FIB arsenic may lead to device degradation. At pres­
ent there is no explanation for the difference, but further 
work in this area is under way. 

The general conclusion to be drawn from these measure­
ments is that there is no drastic degradation in device perfor­
mance attributed to the FIB process. Good results have been 
demonstrated with B. While some problems with As have 
been encountered, relatively little work has been performed 
with this ion source. Additional work is required to deter-
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TABLE I. Device characteristics of FIB arsenic implanted transistors. 

As emitter Dose ( X I 0 15
) B base Dose ( x 1013

) 

2.5 1.0 (Conv.) 
0.8 (FIB) 

5.0 1.0 (Conv) 
1.6 (FIB) 

10.0 1.0 (Conv) 
3.0 (FIB) 

mine ifthe differences detected are inherent in the process or 
just initial experimental difficulties. 

B. FIB boron implanted devices 
In earlier work, 4 FIB boron implantation was shown to 

provide device characteristics comparable to those from 
conventional implantation. A more detailed study of device 
quality and reproducibility is now reported. 

Excellent reproducibility of device characteristics for a 
series of wafers processed at different times has been ob-
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Hfe VcBo VEBO 

116 29.3 10.2 
147 30.7 13.5 

134 29.0 10.l 
64 26.5 8.1 

141 29.3 10.2 
37 26.0 6.5 

tained. At least ten transistors at each dose are sampled to 
determine the average for the wafer. As shown in Table Ill, 
repeatability for the FIB implants is equal to that for the 
conventional. The standard deviation for the emitter base 
breakdown voltage is < 5% of the measured value for both 
implant techniques while the resistance measurements (Rb 
and Rs) have a standard deviation of under 10% (the larger 
variation is probably due to probe contact resistance rather 
than the implant process). Even Hfe, which can be easily 
varied by a variety of factors, shows comparable reproduc-
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FIG. 3. Gummel plots for bipolar transistors: (a) FIB As and B; ( b) FIB As and conventional B; ( c) conventional As and FIB B; ( d) conventional As and'B. 
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TABLE II. Comparison of FIB vs conventional implantation of bipolar transistors. 

As emitter ~i .. Bbase No. of devices ID (le) ID (18 ) IR (EBO), pA 
--~·-;, 

(std. dev., %) (std. dev., %) (std. dev., % ) 

FIB FIB JO 1.08(7) 1.30(15) 189(76) 
7 1.02(2) 1.06(3) 8l(J09) 

FIB Conv. JO 1.07(3) 1.56(25) 137(41) 
16 1.05(1) 1.21(8) 170(44) 

Conv. FIB 15 1.02(2) 1.07(3) 78(50) 
15 1.01(1) 1.04(2) 54(50) 

Conv. Conv. 15 1.03(0) 1.09(0) 103(25) 
15 1.00(1) 1.06(3) 36(139) 

TABLE Ill. Wafer-to-wafer reproducibility of bipolar transistor characteristics: FIB vs conventional B implantation. 

B Dose ( X J013
) No. of wafers Hfe (pk) EBO (V) Rb (fl.) R, (kfl./sq) 

(std. dev., % ) (std. dev., % ) (std. dev., %) (std. dev., % ) 

{0.8 3 J05(10) 9.6(3) 972(2) 3.2(7) 
FIB 

1.6 5 49( JO) 7.6(5) 511 (12) 1.8(5) 

{ 1.0 5 92(9) 8.9(2) 617(8) 2.8(9) 
Conv. 

1.5/1.6 7 53(20) 7.6(3) 458(10) 1.8(9) 

TABLE IV. Device-to-device uniformity (footnote.a). FIB boron vs conventional. 

Hfe(pk) ID(lc) lD(ln) Veno VEBO VcEo R 8 (kfl.) 

(IR )nA (/R)pA (IR )nA at0.8 V 

+ 32 + 1.03 + 1.14 + 31.5( 0) - 7.2; 621 + 21.7( 0) + 0.358 
+32 + 1.04 + 1.12 + 29.5(191) - 6.9; 892 + 13.2(289) +0.362 
+32 + 1.03 + 1.12 + 31.4( 0) - 6.7; 483 + 16.7( I) + 0.361 
+ 33 + 1.03 + 1.12 + 31.5( - 0) - 7.1; 600 + 22.1( -0) + 0.369 
+ 32 + 1.03 + 1.13 + 31.4( 0) - 7.3;1266 + 21.2( 0) +0.364 

Conventional +32 + 1.03 +I.II + 31.6( 0) - 7.2; 620 + 19.5( 0) +0.344 
(B dose= 2X J013

) +32 + 1.03 +I.II + 31.5( 0) - 7.2;1041 + 19.5( 0) + 0.345 
+32 + 1.04 + 1.14 + 31.5( I) - 7.2;J039 + 19.3( 0) + 0.345 
+32 + 1.04 +I.II + 31.5( 0) - 7.2; 793 + 21.2( 0) + 0.343 
+32 + 1.04 + 1.12 + 31.6( JO) - 7.2; 758 + 14.4( I) + 0.356 

Average 32.27 1.04 I.I 31.05 - 7.13(800) 19.2 348 
Std. dev. 0.78 0.01 O.Ql 1.31 0.19(252) 3.07 11.8 

(%) 2.4 0.5 1.3 4.2 2.6 (31) 15.8 3.4 

+46 + 1.03 + 1.08 + 30.2( 34) - 8.0; 825 + 12.5( 35) + 0.439 
+47 + 1.03 + 1.07 + 31.6( 0) - 8.1; 83 + 15.4( 0) + 0.440 

FIB +49 + 1.03 + 1.06 + 23.9( 57) - 8.1; 568 + 12.2(805) + 0.450 
CB dose= l.6X J013

) +49 + 1.03 + 1.07 + 31.7( 0) - 8.0; 59 + 16.3( 0) + 0.443 
+ 51 + 1.03 + 1.07 + 31.8( 0) - 8.3; 68 + 14.8( 0) + 0.460 
+45 + 1.03 + 1.08 + 31.7( 0) -6.9; 83 + 14.4( 0) + 0.424 
+45 + 1.03 + 1.07 + 31.6( 0) -8.0; J03 + 15.8( 0) + 0.419 
+45 + 1.03 + 1.07 + 31.7( 0) - 7.6; 159 + 18.1 ( 0) + 0.423 
+45 + 1.03 + 1.07 + 31.7( 2) - 7.9; 127 + 13.4( 0) + 0.426 
+ 61 + 1.11 + 1.00 + 23.8(999) - 8.0; 622 + 11.2(865) + 0.421 

Average 52.54 1.04 1.08 30.97 - 8.14(150) 14.83 464 
Std. dev. J0.85 O.QJ 0.02 2.42 0.60(183) 1.68 69.8 

(%) 20.6 0.9 1.9 7.8 7.3 (122) 11.3 15.0 

a 26 devices each. 
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ibility for the two implants [the 20% standard deviation for 
the broad-beam case is due to the combination of results for 
doses of ( 1.5) and ( 1.6) X 1013 /cm2

]. While more extensive 
data are desirable, the results obtained to date indicate that 
the variation introduced by the FIB boron implant process is 
no greater than that inherent in the fabrication and measure­
ment processes. 

In addition to reproducibility, the other major concern in 
device fabrication is the quality of the junction. The data 
shown in Table IV (for both ideality and emitter base diode 
leakage) demonstrate that on the same wafer FIB implanted 
transistors of quality equal to that for conventional implants 
are reproducibly achieved. The fact that ID(/c) and 
JD(/ B ) are very close to the ideal value of 1.00 indicates that 
few excess generation-recombination sites have been creat­
ed (and no more than that due to conventional implanta­
tion). Diode leakage is also comparable for the two tech­
niques. (The higher value of IR shown in Table IV is typical 
for p + n + diodes, and is not considered significant. Lower 
values of about 100 pA are observed for conventional im­
plants at lower dose.) 

The on-wafer, device-to-device reproducibility data sum­
marized in Table IV (for 26 devices of each type) indicate 
that FIB transistors do have a somewhat larger variation in 
Hfe, emitter base breakdown voltage, and base resistance 
(RB). These parameters are dose related and demonstrate 
that small variations in ion source current occur. While 
some current drift over time is apparent, no evidence of sig­
nificant nonuniformity within an implant region has been 
observed. Rather, thermal wave dose measurements have 
demonstrated that uniformity across an implant region fluc­
tuates no more than a few percent. 19 The somewhat larger 
variation in device-to-device characteristics for FIB as com­
pared to conventional B implants is not considered to be 
serious at this stage of development. Increased uniformity is 
expected as the ion sources are improved. 20 

The ideality and leakage data indicate that defect density 
and impurity levels (metals, knock-on) for FIB boron im­
plantation are no different than those for conventional im­
plantation. Similar results have been obtained on other wa­
fers. Based on the available data, as summarized in Tables 
II-IV, it appears that with the exception of a small device-to­
device variation, there is no difference between conventional 
and FIB boron implantation under the conditions used in 
these experiments. 

IV.SUMMARY 

Significant progress towards the development of an FIB 
implant process for Si device fabrication has been demon-
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strated. An As ion source for FIB implantation has been 
demonstrated to provide devices comparable to those for 
broad-beam implants. Functional bipolar transistors have 
been fabricated with both implants performed by FIB. The 
results indicate that no serious degradation in device charac­
teristics is caused by FIB. However, there does appear to be a 
small increase in generation-recombination centers. 

A number of wafers with both FIB and conventional B 
implanted devices were processed. The data indicate that the 
quality and reproducibility of the two are equal. Wafer-to­
wafer standard deviations of only a few percent are obtained. 
The device-to-device dose uniformity for FIB devices show 
that small fluctuations in ion current do occur with time. 
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