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ABSTRA(3’

‘Ihe overall perf onmmce of W Gunn oscillators

OFeratfig in their fundank?ntal and second harrronic

nd.es has been significantly enhanced as a result

of several active device design @?rmmments. The

effects of altering the active layer doping concem-

tiation are ccm.pared with standard n~m+ flat

profile G%% Gunn structures. The standard integral

heat sink (IHS) prccess was used to ~fit substrate

thinning to the extent that overall device thickness

was reduced to 10 ~ ncxninally. Profile tailoring

to mintize temperature gradients and to permit

device operation in the nmre ef f icknt heat sink-

anode configuraticm resulted in an output power of

325 nW near 34 GHz with 6.6 pxcent ef f ickmy. w

output pwer of 90 rnwat 2.75 percent efficiency was
achieved at the second harmonic frequency near 68
GHz .

INTIK)DU2TION

@nventional GAS nmW (3mn devices have n~nn+
layers sequentially grown on a low resistivity n-
substrate. In mxt cases the n-active layer concen-
tration is, essentially, uniformly doped. For these
devices greater output @wer and efficiency can be
obtained by biasing the substrate nqative relative
to the heat sink. In this heat sink-ancde config-
uration, only one third as nwch temperature drop
acurs across the device relative to the heat sink-
cathcde configuration [1] . It has r~ently been
shmn [2] that @roved pxf ornnnce of f und.amental
tie GAS oscillators results when the device active
layer doping profile is intentionally altered to
exactly c-sate the resulting thermally induced
mbility gradimt under o~ating conditions. using
ccmputer controlled nmlecular &am epitaxy (M8E) ,
structures have been produced with various doping
profiles for device opeartion in the nwre ef f ickmt
heat sink-awde configuration. Because of the
inherant relaxation effects in GAS, its bulk small
sl~ negative rmbi.lity vanishes near 100 GHz [3] ,

[4] . Hate, rmW oscillators operating near 60 GHz
and cbve de- on the harmnic tie for s@nifi_-
cant pwer generation [51. The Corresponding device
structures require abrupt concentration changes
ketween each epitaxial layer in order to provide
harrmnic rich current components. As a result of
koth low growth rates and substrate temperature,
M8E was used to generate hyperalmupt doping ccxmen-
tration change and to provide fine control over the
v~iation in layer concentration.

Epitaxial n~nn+ structures were grown on low

resistivity n+ GaAs substrates orientated zero

degrees relative to (,100) . @th flat and expone-

ntially graded active region profiles were grown for
fundanenatal tie operation at Ka-band (26.5 - 4!I
GHz) and second harnrmic operation at V-band (50 -
75 GHz) . In order to permit heat sink-ancde (i.e. ,
negative substrate) o~ration, the graded layer
profiles had ~nentlally increasing doping towaqd
the n~ contact (i. e., with neqative slo~, or a =

nl/n2 < 0, where nl and n2 are the concentrations in
the active region at the buffer-active and active-
contact interfaces, respectively. Active devices
were fabricated with gold plated integral heat sinks
(IHS) [6] of 30 pm thickness. Substrates were mec-

hanically and chemically thinned to an overall semi-
conductor thickness of 10-12 pm in order to minimize
parasitic resistances. The best overall ~rformnce
was achieved for devices having expmential grading
with u<l operating in the heat sink-anode configura-
tion. Most of these devices failed, as expected,
when biased in the heat sink-cathxle (psitive sub-
strate) tie. The best output powers masured near
31, 34 and 68 GHZ were 345, 325 and 90 W, respx-
tively. Bevices constructed with flat active layer
profiles (0,=1) prcduced significantly lower pmer
levels when operated in either plarity with the
heat sink-anode mile providing greater output and
efficiency over the heat sink-cathcde We.

Relatively few details and essentially no
previous results have been repmted for devices
having active slops parroters &Zl operated in the
heat sink-ancd.e configuration in either their funda-
mental and/or second harmnic ties. Although CCXII-

parable ~rforrea.nce has been shown for devices hav-
kg an ~+ epi-structure (i. e., with the n+ contact
layer cxnitted)r with a current limiting active layer
contact ((XC), only fundammtal tie data has teen
published up through V-band operation. ‘l%ese de-

vices can only be operated in the less efficient

heat sink-cathode polarity. Studies of nn+ devices

with ci>l and having CIC’S have not been re~rted

for ei-ther fundamental or harnmnic o~ration.

TFJZOFCtTICAL DISCUSSIONS

Standard m diode epitaxial structures are
++ + layers grown on low resistivity n+generally n m

GaAs substrates having flat doping profiles through-
out the n-active region. when these devices are
biased in either plarity, mbility gradients de-
velop as a result of heat which is generated mainly
within the active region. As a result, the avail-

able output pwer decreases. Significant improv-

rrent in overall device prforn-ante has been realizex3
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by desjgning profiles such that the resistivity
ratio p/~ = 1 along the active region at the
device operating temperature. Furtherr advantage
has been taken of profile tailoring to allow opera-
tion in a heat sink-anode configuration. The epit-
axial n~nn+ “sandwich” structure and doping profile
used in tiese studies is shown in Figs. la & lb.
The effect of selfheatingr which cccurs at the oper-
ating @nt, is shcwn conceptually in Fig. lc. With
the heat sink plarity psitive, heat gemeratedwit&
in the active region will be delivered to the n+
contact - n active interfage and can induce a nearly
flat resistivity profile (p/~= 1) when Ci = n~ln2
< 1. lfhen a > 1 the device mst be biased with the
substrate positive for optimm output power. Dev-

ices having a = 1 (flat) profiles can be biased with
either plarityr with negative substrate polarity
being the preferred tie of operation. Measured
output _ for devices having a = 1 always yielded
less power than devices having a < 1. For the opti-
mm case of a < 1, with the heat sink biased psi-
tive relative to the substrate, heat flows opgnsite
the direction of conventional current flm, i.e., in
the direction of electron flow. ~ adjusting a=
nl/n2 < 1 and the average value of active layer con-
centration, n(x), the peak to valley terminal cur–

;~to;~tk>~~itcan be maintained near 2.0:1 at
This value is close to the

highest theoretical-value of 2.45:1 [7]. Ahigh /

kIv ratio results in a proportionally higher value f
large signal negative resistance and, correspcnd-
inglyr higher output pxrer and efficiency.

Additional factors which produce undesirable
pmer dissipation within the active device are exces-
sive substrate thickness, long buffer and/or contact
layer lengths, as well as resistivity buffer or con-
tact layers. The use of the IHS process allows niech-
anical and chemical thinning to minimize parasitic
resistances (especially skin effect) resulting in an
overall device thickness of 10 w or less. It has
been reported that an overall thickness of 4.5 pm
has been routinely achieved in the mass production
of IHS GaAs ~ dio3es for second harmnic 94 GHz
o~ration [8]. ‘The incoqoration of an AEEAS etch
stop layer inteqosed within a shorter buffer layer
will allow ccrqdete substrate ramval and subsequent
thinner overall device dimensions. Reduction of ex-
cessive internal resistances is ~ to decrease
the turn-on voltage to essentially its threshold
value VT N 1.1–1.5 Vdc. Practically all tiem day
~ diodes, used in the second hanmmic tie, exhib-

‘t a ‘v = ‘Qp - ‘On value of 1 Vdc (or less) which
can result u total loss of output pwer at reduced
tqatures. Reduction of contact layer thickness
to 0.5 WII (or less), or elimination of this layer,
is -ted to further improve device turn-on charac–
teristices and yield higher output pwers and
efficiencies.

FABRXP3?ED DEVICE DEI’AILS

&.A.s C4-UXIdevices have been constructed from
MBE grown epitaxial structures having a < 1 as shown
in Fig. 2. The construction details of an IHS fab-
ricated chip are shmn in Fig. 3. A standard Au–@/
Ni/Au ohmic contact was formal on the epitaxial side
of the wafer followed by a 30 ~ thick gold IHS. ‘he
entire semiconductor is thinned to 10-12 ~ before
defining the wsas. Standard Au-@Ni/Au ohmic

contacts were ap lied to the substrate.
t

The wafers
were then diced o form chips having lenghts of
0.008” to 0.010” on each side. Wsa diamters were
initially 0.003’’–0.004”. Individual chips were
thermcmpression konded onto the @estal of a
standard picopill (e.g., M/A-CCM style ODS-138) pack-
age. Contact l@meen substrate and package top sur-
face was mde via a gold xraltese-cross shaped pre-
form ncininally 0.0005” thick. Devices were etched
to exhibit a dc threshold current value of 1.0 A and
then heretically sealed within the package with a
0.005” thick (0.030” dia.) gold plated top cap.
Eevices were also constructed having a doping profile
with a = 1, cf. Fig. 2. Device fabrication was car-
ied out as described almve for devices having a < 1.

MEASURED REWLTS

A series of graded active layer profiles having
slope paramter a < 1 have been grown for operation
at Ka and V–band frequencies, cf. Fig. 2. A stand-
ard flat profile structure (a = 1) has also been
grown and evaluated in both heat sink-cathcde and
heat sink-ancde ties. The major results obtained
from IHS devices constructed frcnn these materials

are given in Table I. in general, both G-111 and
G118 devices exhibited similar ~formzmce; however,
the reliability of G-118 devices at cold t~ratures
(-54°C) exceeded that of G-111 devices. This i-s due,
in part, b the lower active layer average doping
concentration. The nomina 1 output pwerof G-ill
devices was 285 rrti at 31 GHz and 250 nW at 35 GHz, as
rreasured at rcxxn tmature in a standard reduced
height post-coupled waveguide oscillator. Corre-
sponding efficacies of 6.5 and 6.25 percent were
obtained . Men operated in the second hanron ic tie
in a full height radial disk test oscillator, average
power outputs and efficiencies of 50 nWand 1.6 per-
cent were achieved at 67 GHZ. Typical o~ratimg
voltages and currents were -4.8 Vdcr 830 rn?l and -6.3
Vdcr 520 rnA in the fundamental and second ha.rmnic
ties, respectively. The difference between ambient
turn-on to operating voltage was nCtllkdly 0.5 Vdc
for both nmdes.

Devices frcm G-118 produced ncminally 250 nW
(rI =6.2%) and225nW (n =6.17%) at31and35GHz,

respectively, and 40 mW (~ = 1.1%) at 67 GHz. The
turn-on to o~rating voltage margin was also akmut
0.5 Vtic.

Flat profile devices frcm G-44, when operated
heat sink psitive, nCnninallypmilcd 200 nw (V =
5.1%) and 175 nW (rl,=,4.8%) at 31 and 35 GHZ, rest-
ively, and 30 nW (TI = 0.75%) at 67 GHZ. The result-

ing turn-on to operating voltage margin was only

about 0.3 Vdc. Performmce with device operation in
the heat sink-cathode (i.e., positive substrate) mde
was lower: 165 w (m = 4.7%), 135 IIW (n = 4.2%) and
22 ITW (TI = 0.6%) at 31, 35 and 67 GHZ, respectively.

Also shown in Table I is a listing of the best
results obtained to date for devices fabricated frcm
each wafer listed on Fig. 2.

selected devices frcm wafers G-111 and G118
(10 each) were tested prior to and aftera seven day

bum-in, under operating conditions, in second har-
monic radial disk circuits. E?oth dc and rf perform-
ance rained essentially constant in all cases.
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&kasur4 El! noise at 1.00 KHz offset frcm the carrier
minally -75 dBc/Hz at 67 GHZ. Devices werewas n

qra~we cycled over a -54°C to +85°C _ature
range. @vices frcxn G-118 all exhibited well ?@_mm3.
opration over the full temperature range while G-ill
devices had normal operation over a-20°c to +85°C
range. m G-111 devices failed at ternperatures of
-40”C or lower. Eevice rf perfornwnce from G-118
mterial remained essentially constant after a seven
day burn-in and exhibited continuous, well behaved,
characteristics over a -54°c to +85°c o~ating terrr
perature range. Measured FM noise was nmirlally
less than -75 dEc/Hz at 100 KHz offset frcmthe car-
rier freqpency at 67 GHZ.

C~CLUSION

Precise control of doptig concentration and
doping profiles by ccnnputer aided MBEpemits growth
of near ideal GaAs Gunn structures for @roved
device psrforinance at ?mth fundamental and second
harmnic frequencies. BY grading the doping profile
along the active reyion to offset the mbility
changes caused by self-heating, by o~ating the
device in the heat sink-anode mde (a < 1), andby
thinning the substrate, enhanced operation of nRWl
GaAS Gunn devices has ~ achieved. The efficien-
cies and power outputs of devices produced fran
these mterials have exceeded those obtained for
conventional flat profile devices operated in the
heat sink-anode and heat sink-cathde ties. Pre-
liminary results from devices designed to o~rate
near 94 GHZ have yield~ output pwers greater than
50 niiwith over one percent efficiency.

Substrate thinning (or cmplete remval)
pranises to @rove the turn-on characteristics
which are marginal in mst ~ mti (3.2nn diodes
operated in the harmnic rode.

Although ccxqxmable ~rformnce has been
shown for devices having an m+ epi-stmcture (i.e.,
with the n+ contact layer cxnitted) o~rating in the
heat sink-cat.lmle configuration, only fundammtal
tie data has been published. l%latively few details
and essentially no previous results have been re@rt-
ed for devices having active layer slope pararmter
a < 1 o~rated in the heat sink-anode configuration

in either their fundamental and/or second harmnic
ties.
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1.
ure; (b) doping profile with slope parsm=ter . =:

n~/n2; (c) device resistivity profile showing the

effect of self-heating for a < 1.
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lcq n(x)

-1x1018 m-3

-2x1017cm-3
lm?.T I
SINK

* lbuff~r-2w
+

SUBSTRATE —

“1

SAMPLE
“1 n2

in
a = “lfn2

24VSBER (cm)-> (cm] -3 (Urn)

G-111 6.7x1015 1.3X1O” 2.50 0.5154

G-118 6.0x1015 1. OX1O” 2.62 0.6000

G-44 9. OX1O1’ 9.0x1015 2.60 1.000

Au GO/NI/AU Ohmic Contact

n++sub~tf~~e
n+ Buffer

10um n- Active RW,Onn++ contact
T Au Ge/NI Contact

I
30~m I 60LD t-

INTEGRAL
HEAT SINK

Fig. 2. l%_damntal Ka-band (26.5-40 c23z) and second Fig. 3. Inteqral heat sink (IHS) chip construction
himmnic V-band (50-75 GHZ) ~ @nn dicde doping details.
profile.

DEVICE

NUMBER

G-ill /l/4-3

G-111/l/5-12

G-118/4/2-5

G-118/3/5-12

G-44/ 113-6

G-44/2/ l-4

G-44/ l/3-6

G-44/ 2/l-4

v

(VOR )

-4.38

-4.42

-5.22

-4.60

-4.71

-5.41

-4.65

-4.80

-6.11

-5.35

-5.42

-6.20

-4.50

-4.60

-5.30

-4.44

-4.38

-5.45

+4.32

+4.42

+5.7

+4. 26

+4.30

+5.8

v

(Vo%s )

-4.84

-4.83

-5.80

-5.20

-5.21

-6.33

-5.75

-5.73

-6.54

-5.80

-5.91

-6.79

-4.70

-4.72

-5.60

-4.82

-4.78

-5.95

+4.66

+4.68

+6. o

+4 .72

+4.70

+6.2

906

828

528

976

967

518

701

637

556

688

791

511

834

772

714

920

882

840

753

687

611

843

724

691

FREQ .

(GHz)

31.13

34.87

68.05

31.2

34.9

67.8

31.18

34.77

66.5

31.10

67.70

67.95

31.3

35.2

66.9

30.9

34.8

67.1

31.4

35.2

67.0

31.0

34.9

67.0

POWER

(mW)

285

250

50

345

325

90

250

225

40

310

285

88

200

175

30

235

215

45

165

135

22

195

160

30

EFF .

(%)

6.5

6.25

1.6

6.8

6.6

2.75

6.2

6.17

1.1

6.4

6.1

2.53

5.1

4.8

0.75

5.3

5.1

0.9

4.7

4.2

0.6

4.9

4.7

0.7

RENARKS

typical result

,, !,

,? u

best result

,, ,,

,, ,,

typical result
,, r,

,, ,,

best result
!, ,,

,, ,,

typical result
,, !,

,! !!

best result
,, ,,

,, ,,

typical result
,, ,,

,, ,,

best result
,, ,,

t, ,,

Table I. Measured dc and rf test results.
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