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A Double Lightly Doped Drain (D-LDD) Structure
H-MESFET for MMIC Applications
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Abstract—This paper proposes a new double lightly doped Gate
drain (D-LDD) structure for InGaP/InGaAs heterostructure InGaP barrier
MESFET's (H-MESFET's). A D-LDD H-MESFET has three
kinds of low-resistant layers in the drain region, while a
conventional LDD H-MESFET has two layers. This structure
improves maximum stable gain (MSG) accompanied byR,
reduction with minimized gate—breakdown—voltage degradation
and Cgq increase. A heuristic model is proposed to predict |
Vibea from sheet resistance of implanted layers, and its validity ~isolation;
is confirmed with experimental data. This model successfully
predicted the tradeoff relation between V1.4 and parasitic
resistance, and it has enough generality so that it can be applied
to usual ion-implanted GaAs MESFET’s. Consequently, a typical
MSG at 50 GHz exhibits 8.9 dB in a MESFET and 7.7 dBS21
in an one-stage amplifier. The high-frequency circuit operation
proves that this technology is one of the most promising for
monolithic-microwave integrated-circuit (MMIC) applications.

Index Terms—GaAs, microwave amplifier, MESFET, MMIC.
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Fig. 1. Schematic cross-sectional view of a D-LDD H-MESFET. The dif-
ference from an ordinal LDD MESFET is the addition of -implantation
between the gate metal and drain-sidelayer.

Il. DEVICE STRUCTURE

. INTRODUCTION The new structure D-LDD H-MESFET is shown in Fig. 1. It

N THE coming multimedia age, ultra-broad-band wireles$ias ari-InGaP barrier layer to improve breakdown voltage [1],

access systems will become necessary for dealing with lafgéand ann-InGaAs channel layer. InGaP is a very promising
amounts of information. In order to realize these system®aterial for the barrier layer because it has no donor complex
millimeter-wave and monolithic microwave integrated circuit§DX) center, but it is difficult to form highly doped-InGaP.
(MMIC’s) will be indispensable. In other words, a deviceHence, it is also difficult to attain a sufficiently high sheet
which has sufficiently high gain in the millimeter-wave regiongarrier in then-InGaP/GaAs om-InGaP/InGaAs systems. On
must be developed for this new age. the other hand, witlirInGaP/n-InGaAs, it is possible to obtain

For this purposep high electron-mobility transistorsp{ high sheet carrier [3], [4].
HEMT's) and InP-based HEMT'’s have been investigated for An FET with the D-LDD structure has two lightly doped
several years. However, these devices have a recessed gagmns and one heavily doped region only on the drain side,
structure to reduce parasitic resistance. Consequently, only afttough there is one lightly doped region and one heavily
type of FET can be fabricated on a wafer, while integratingoped region on the source side. The lightly doped region close
several different types would be attractive for highly functionab the gate is called the”-layer, and the other lightly doped
integration of MMIC's. In this paper, we will report the|ayer is called the/-layer. Then” implantation dose should be
simultaneous fabrication of a O/im class symmetric LDD |ess than they'-layer dose so as not to degrade the gate—drain
(lightly doped drain) heterostructure MESFET (H-MESFET)eakdown voltagéVi,zq). We used am” implantation dose

and a new structure, an asymmetric double LDD (D'LDDr)anging from 1/10 to 1/4 of the’ implantation dose.
H-MESFET, on the same wafer. For this purpose, we will

propose a new model to clear the tradeoff relation between
gate—drain breakdown voltage and the parasitic resistance.
According to this model, an asymmetric D-LDD The integration of D-LDD H-MESFET's and LDD
H-MESFET with both high gain and high breakdowrH-MESFET's is easily achieved by changing thé ion-
voltage, and a symmetric LDD H-MESFET with high currentmplantation tilt angle [5], [6], as shown in Fig. 2.
gain cutoff frequency fr) are successfully fabricated. The gate orientations of a symmetric FET and an asym-
. . , . metric FET are different, as shown in Fig. 2(a). Ahion-
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Fig. 2. Simultaneous fabrication of an asymmetric D-LDD H-MESFET and
a symmetric LDD H-MESFET on the same wafer. (a) Gate orientation of
both types of FET in a wafer. (b) The relation between gate orientation and
ion-implantation tilt-angle. 0 ) ¥
1 10 100
18.0 4 ‘ : Freq. (GHz)
) : Fig. 5. MSG frequency characteristics of an asymmetric D-LDD
H-MESFET and a symmetric LDD H-MESFET on the same wafer.
g 100 gate etching processing because there is a high resistive region
g with no implantation on the drain side, as shown in Fig. 1. The
i D-LDD structure is proposed to overcome this drain resistance
s variation. R; degrades gain at high frequency (shown in
I Fig. 3), which is the calculated result. This figure showg that
for 10-um Wg R4—R, less than 1002 for a 10u:m W, H-MESFET is
necessary for millimeter-wave operation.
0.0 A
10 100 V. THE RESULTS OF DEVICE CHARACTERISTICS

Frea. (GH2) One probable problem caused hy-implantation is the

Fig. 3. Role offz; on maximum stable gain (MSG) and maximum availablglecrease in gate breakdown voltage. The tradeoff relations
gain (MAG) frequency characteristics (calculated). betweeangd (gate—drain breakdown voltage) aril; are
. : . . hown in Fig. 4 as a function of theé’ ion-implantation dose.
1"
implanted t_)yn |m,plantat|on. This procedure does not gffe th Viea and Ry — R, reduce with increasingi” dose.
a symmetric FET's structure. Consequently, symmetric al R. becomes O at 4 x 103 cm-2. becausai’-dose
— R, , -

. , . . d
asymmetric FET's can successfully be fabricated S|multan|g-4 « 10 cm~2 and the FET becomes symmetric at this

ously on the same wafer. dose. Fig. 4 shows thatl§,.4 reduction of only 0.5 V allows
a 100 Ry reduction in a 1zm W, H-MESFET. Thus,
IV. THE ROLE OF Rq ON GAIN 1 x 10' cm~2 n” implantation is effective inR, reduction

The simple asymmetric structure reported in [2] and [3] hasith the tradeoff that},.q only decreases by 0.5 V. Another
many advantages for other devices, but it has one problelikely problem is the increase in th€y,. Fig. 4 is theCyq
drain resistancé R,;) can easily be affected by deviations irdependence on”-implantation dose.
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Fig. 6. Detailed cross-sectional view of D-LDD H-MESFET in the gate—drain. Effective width to which electric field lines are terminated in the gate
metallizationL, distance between gate and drain siddayer L, 4, depleted width by applied drain bias in thélayer L., avalanche breakdown voltage

E,., channel depth aa)’’-layer thickness:, n’-layer thicknessu,,, total charge in the channel region wifh width ()., total charge in thea” -region

Qgza, and total charges in the depleted region depleted by gate-drainthjas

The doses ofn”-implantation are 4x 102, 6 x 10'2, wherel, is the threshold voltagd/, is the pinchoff voltage,
8 x 10'2, and 1x 10" cm™2. The Cyq increase under thesey is the mobility of the region between gate edge and drain
conditions is only 0.1-0.2 fF/1@m. side n’-region, R, . is the sheet resistance af’-region,
A 0.10um D-LDD H-MESFET with n”-implantation of 4 4, are the undepleted thicknessigf-region anch’-region,
1 x 10'* cm™? exhibited high MSG, which is not inferior respectivelya. is the average depth of the channel layer,
to a symmetric LDD H-MESFET, as shown in Fig. 5. Thes the dielectric constant, ang is the vacuum permittivity.

66.5 GHz. The symmetric H-MESFET exhibits 8.2 dB angpigined:

72.1 GHz on the same wafer.

_ gd Vp
VI. DISCUSSION OFVi,.q AND R, TRADEOFF RELATIONS Vhga = L X <E) X <Ea - a_c>
In this section, a simple analytical model for predict- Léd (2/aw —1/a)
ing gate—drain breakdown voltages is presented, which will - R S )
gg g p ! (250 Xeg X LL) Rop o

be checked by comparing it with experimental results. The
method forW,g.q prediction is based on Wemple’s theory [9] When (5) was extracted from (1)—(4), the following approx-
and is modified to apply it to an ion-implanted MESFET. Faimation (6) is used:
simplicity, it contains some assumptions as follows. I,
1) Any accumulation-depletion domains are ignored. Lga + 7” ~ Lgg. (6)
2) The electric field between gate and drain is assumed to
be approximately laterally one-dimensional. Only under Simplifying (5), the following new expressions were ob-
gate metallization, the electric field is vertically onetained:
dimensional. 1
3) There is a surface depletion region between gate—drain, Voga ==XV, —vX < ) (7)
and its depth is not affected by drain voltages. sh-n”
4) The effective width of the electric-field terminationwhere

region in the gate metallization is assumed tolbe LxLyxE
The cross-sectional view of D-LDD H-MESFET's o= ;, & — Vi (8)
gate—drain region is shown in Fig. 6. In this figure, the L><Ln
distance between gate metal edge antayer is assigned to b= e | (9)
Lgq, the actual distance is 042m, and the width of depleted e X an’Q
n’-layer by drain bias is shown ab,. Q. is the charge . Lia < 2 1) (10)
in the depletion region im'-layer. Qqq and Q, are the 7T 9% pXeoXes\aw a/

charges in then”-region and channel region with length,
respectively.F, is the threshold voltage for breakdown.

Using the notation shown in Fig. 6},.q is written as the
following expression from Gauss theorem:

(Lgd + Ln//2) X Qn/

The important point of (7) is that thé},,, expression
contains three terms, and the first term is constant, which
determines the upper limit of breakdown voltage, the second
term is proportional tol},, and the third term is inversely

Vigd = proportional toRg;, . Thus, the relation betweeR;, ,,» and

€s X &0 X Gy Viea IS linear. This can be checked by the above-mentioned
+ (Lga/2) X Qga _ Vi, (1) experiment.

€s X €0 X @ Fig. 7 shows R, ,» dependence on “rdose. An Si
Qen + Qga + Qw =€, X €0 X Eg X L (2 ion was implanted into an metal-organic—chemical vapor
O = =2 Xeg X L XV, 3) deposition-grown (MOCVD) InGaP/InGaAs/GaAs substrate.

b e lon-implantation energy is 40 kV and amount wf-dose is

Qv = Lgq @) from 2.0 x 10*2 cm~2 to 5.0 x 10** cm~2. To simulate the

ol =

i X Rop_nr FET structure, Be ions are also implanted. lon-implantation
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1/Rsh_n" (mS/sq.) The microphotograph of an MMIC chip is shown in Fig. 9.

Fig. 8. R, o, andVieq, Ryq-R. relation. Fig. 10 shows its measured-parameters. The maximum
measured21 was 8.8 dB at 47.3 GHz. Additionally, all eight
measured circuits typically exhibited 7.7 di21 at 46.7-49.9

energy is 50 KV and the amount of the Be-dose is 2.0 GHz. This high performance is superior to any reported for

10'2 cm~2. Resistance of as-grown substrates are #24 GaAs MMIC's [7], [8] and implies that this technology is

and 630Q2. Two lines in Fig. 6 are corresponding to twomost promising for MMIC applications.

substrates which are different in as-grown resistance. The

obtained conductance is proportional iil-dose in wide Si-

dose. This means that the activation efficiency is constant VIIl. C ONCLUSION

and the activated carrier is proportional to Si-dose. Using this

result, we can estimate carriers in th&-region.

Fig. 8 is the relation betweeW,sq, Rq-Rs, and1l/Rqy q.
The predicted linear relation betweér,,q and 1/Rg, o~
from (7) is observed, and the slope of th§.q versus th
1/Rg,_yn line is reasonable for the value calculated from (10).
Additionally, a small amount of”-dose (e.g., of the order of

A D-LDD structure for an asymmetric high-power
H-MESFET was proposed to stabilize reducéd, with
minimizing V, deterioration. This FET has been fabricated

e only by changing ion-implantation tilt angle and gate

rientation. By optimizing thex”-layer condition, a D-LDD

-MESFET exhibits over an 8-V breakdown voltage between

1 x 10' cm2) is effective in Ry-R, reduction with little the gate—drain and a high MSG of 8.9 dB at 50 GHz.

Simultaneously, a symmetric LDD H-MESFET has also been

W.ea deterioration. : : 4
The method forVi,.a prediction discussed in this sectionfabricated with higherfy of 72 GHz on a same wafer. To

is general enough, and can be applied to various types ¥}@in these results, we made a new model for predicting
implanted MESFET's. Vbga from n’- and n”-layers sheet resistance, and it was

confirmed successfully. This model can be applied to various
types of ion-implanted MESFET’s.
VII. A ONE-STAGE AMPLIFIER PERFORMANCE An one-stage amplifier attained 8.8-dB gain at 47.3 GHz.
As a benchmark for high-frequency operation, a one-staghis high performance shows the possibilities of this device
amplifier MMIC of symmetric H-MESFET’s was fabricated.in millimeter-wave applications.
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