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Abstract—In this paper, we propose a simple set of accurate fre- TABLE |
guency-domain design equations for calculation of optimum em- HBV GENERIC LAYER STRUCTURE
bedding impedances, optimum input power, bandwidth, and con-
version efficiency of heterostructure-barrier-varactor (HBV) fre- Layer Thickness Doping level
quency triplers. A set of modeling equations for harmonic bal- No. [A] [cm‘3]
ance simulations of HBV multipliers are also given. A 141-GHz 7 Contact ~ 3000 n
quasi-optical HBV tripler was designed using the method and ex- 6  Modulation 1~ 3000 Ny~ 107
perimental results show good agreement with the predicted results. 5 Spacer s~ 50 Undoped
4  Barrier b ~ 200 Undoped
Index Terms—HBYV, varactor frequency tripler. 3 Spacer s~ 50 Undoped
2 Modulation !~ 3000 Ny~ 167
1  Buffer n
|. INTRODUCTION 0 Substrate n"tor SI
HE heterostructure-barrier-varactor (HBV) diode is
ideally suited for frequency tripling in the millimeter- Il. HBV M ULTIPLIER FREQUENCY-DOMAIN DESIGN
and submillimeter-wave regime. The symmetric capaci- EQUATIONS

tance-voltage characteristic of the HBV allows for triple'rA Analvsis Overview
design without requiring a second-harmonic idler circuit or” y
dc bias. In principle, this should make HBV triplers easier to The analysis given below is an extension of the Schottky
design than Schottky diode triplers. However, the complékode analysis in reference [8], and similar to the analysis of
device structure and device physics makes the overall tripigractor diodes presented by Penfield and Rafuse [7], Burck-
design process more difficult. In particular, the design arftardt [9], Tang [10], as well as Krishnamurti al. [11]. Ex-
fabrication of the semiconductor device is more difficult thapressions describing the device nonlinear charge, nonlinear re-
Schottky diode structures used in similar applications. sistance, maximum applied voltage at breakdown, and parasitic
When first introduced by Kollberget al, the HBV de- resistance are combined with a frequency-domain impedance
sign focused on mesa structures for whisker contacting ad@alysis in order to derive simple design expressions for op-
calculation of the small-signal dc characteristics [1]. Thigmum HBV triplers. The resulting design equations for em-
work was followed by a more complete and detailed habedding impedances, efficiency, input power, and bandwidth are
monic-balance-analysis-based design [2] and the fabricatisi maximum conversion efficiency only. Using these equations
of 2.5%-4.8% efficient planar geometry HBV's operating a@nd by varying the diode parameters, the effect on optimum
230-260 GHz [3]-[5]. Most recently, excellent HBV triplermultiplier performance can be explored. The proposed set of
results demonstrating an efficiency of 12% at 247 GHz with @uick-design equations should be used as a starting point in an
28 um? area device have been reported by Méligual.[6]. HBV tripler design procedure. The multiplier performance as a
These results clearly indicate that HBV'’s offer the best overdlinction of embedding impedances and further adjustments of
solution for millimeter-wave frequency triplers. the circuit must be explored with a more detailed large-signal
In order to continue the general utilization of HBV’s, we offesimulator.
a complete set of design equations for millimeter-wave HBV's.
The equations are based upon the well-known analysis of P&n-Analysis of Device Parameters
field and Rafuse [7] and can easily be used to calculate thea generic layer structure of an HBV is shown in Table I. For
optimum input power, optimum embedding impedances, bangultiple epitaxially stacked barriers, the layer sequence 2-5 is
width, and efficiency of HBV triplers. For convenience, the enrepeatedV times. The intrinsic part of the HBV consists of
tire analysis given below can be easily run from the Internet vigyers 2—6, where a high bandgap material (layer 4) prevents

a Java interface by visiting devicesim.ee.virginia.edu. electron transport through the structure and the diode capaci-
tance is modulated due to the depletion of carriers in layers 2
and 6.
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During a pump cycle, the elastance is modulated due to theCondition 4: saturated electron velocity in the material de-
depletion of carriers and the overall elastance can, therefore, be termines the maximum length an electron can travel
expressed as the sum of a constant term and a nonlinear partas  during a quarter of a pump cycle.

Referring to condition 2, the conduction current is a strong

S(t) = dv; (1) function of the barrier height discontinuity and the electric field
oQ in the barrier. How to solve foF,,., under condition 2 is given
N (b 2s in [16]. For condition 3,E,,. is a function of the doping con-
A <5b + 5d> oS+ S R ) centration and can be calculated as described in [17]. Knowing
accumulation  depletion Emax: Wiax CaN be calculated as
whereb ands are given in Table I, and €aFd, max

& dielectric constant of the barrier material; Winax = 7 )

€4 dielectric constant of the modulation region;

vj voltage across the capacitor; The average electron velocity during one-half of the pump cycle

Q charge stored in the HBV; for an HBV iSvayg = 4wmax fp. This value cannot exceed the

A device area; saturated electron velocity for the materigl,.. For condition

S.(t) elastance due to accumulation of carriers; 4, the maximum length,,... can be estimated as

Sq(t) elastance due to depletion of carriers. Vs U

The minimum elastancg.,.;,, of an HBV is determined by the Winax = 4—5 A (6)

effective distance between charges on each side of the barrier.
For a typical HBV structure (see Table 1), the minimum elasfo compensate for the current waveform, inertial, and other

tance can be estimated as high-frequency effects, an additional factbris used. For
N /b 25 2Lp Schottky diodes, the maximum extension is determined by
Smin = min (S(t)) = <€— + = + E—) 1/F Wmax = Umax/(2kfp) [18]. Louhi et al. [15] have proposed
b d d

k = n for Schottky diode design, where is the order of
@ multiplication. Assuming a sinusoidal current waveform, one
can easily show thdt is equal tor /2. From harmonic-balance
analysis of HBV triplers, we have found thatis typically
\/E between 1.5-2 and, hence, we sugdest 2.
Lp= 3) Thus, for nominal operatiodrive = 1, the maximal elas-

=L
“Np tance is limited by

whereLp, is the extrinsic Debye length

If a smaller bandgap material is used for the spacer layers, the N /b 25 g
charges on each side of the barrier are confined in quantumwells ~ Smax = max (S(t)) =7 <— +—+ —> (7)
; i . . €y €d €d
adjacent to the barrier, which reduces the conduction current
and increases th@,,.../Cmin ratio [12], [13]. In this case, the and the corresponding maximal voltage across the capacitor can
second term in (2) reduces to s/e, and theL , term should be estimated as

be dropped.
The maximum elastanc®,.., during a pump cycle is deter- V), max = NeaEy, max <£ + 2s + B max ‘“ax> . (8)
mined by the drive level of the HBV, defined as ’ ’ e &4 2qNg
The parasitic series resistance is the sum of the resistance of
drive = max (Q(t)) @) the undepleted active layers, the spreading resistance [19], and
T Quax the ohmic contact resistance. The resistance of the undepleted

] layers contributes to the intrinsic varactor model. All extrinsic
where@n.a; is the charge at the turn-on voltagg max- ThUS, impedances can be regarded as a part of the embedding circuit.
drive <1 is equivalent to varactor mode of operation and dri¢ the modulation layers, i.e., 2 and 6 in Table I, are homoge-
>1 corresponds to operation between varistor and VaraCFférously doped and an abrupt space charge is assumed, the se-

mode. Optimum performance is achieved with maximumes resistance can be expressed as a function of the length of
elastance swing and negligible conduction current compargg, depleted regiom(t) as

to the displacement current and drive 1. Thus, the maximal

extension of the depletion regian,,.,. is determined by the al aw(t qw(t
maximum electric field at breakdowFR,,.. or the effect of R(t) = By + pj 1+AN) - A( ) N =R, - . A( ) N
current saturation [14], [15]. Hence, the maximum elastance h —r.
swing is determined by one of the following conditions: 9)
Condition 1: depletion layer punch-through, ... = I;
Condition 2: large electron conduction across the barrier rehere
gion at high electric fields; R, extrinsic series resistance (contact resistance, spreading
Condition 3: large electron conduction from impact ioniza- resistance, etc.);

tion at high electric fields; R, zero-bias series resistance;
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w  length of the depleted region; TABLE I
I thickness of the epitaxial modulation layer (2 and 6 in HBV DESIGN COEFFICIENTS
Table 1);

Extraction conditions: f,/f. < 0.2
B;=03 ;=02 D;=-217
B3=0.5 C3=-0.1 D3=-1.1

pa  resistivity of the modulation layer

1 =200 B=15 y=08
= 10 o 4
pe qNppe(Np, T) (10)
Since the resistance (9) is varying with respect to the variation 0.12 ———

in the elastance, the above equation can be rewritten as

R(t) = Rs — pyea (Sd(t) + Sf(t)) =R, — pdEdS&(t).
~

Lav s

<

o

®©
T

=S/(t) :: N
T 0.06 [
(11) ha
At high frequencies, the maximum elastance is reduced (6), (7) 0.04 - g
and the edge of the depleted region is smeared outand its sharp- 55 [ E
ness varies with time [20]. Therefore, the elastafgét) is C
modified by.S;(t) at high frequencies in our model. olL® .. ,
0 25
C. Frequency-Domain Analysis of HBV Impedance feftp

The voltage across the symmetric HBV is Fig. 1.

v(t) = R + 0 (1) impedances’._,, for the HBV multiplier close to any operating
= R,i(t) — pacaS,(t)i(t) +/ S(t)i(t) dt. (12) condition can be expressed as

Design coefficientst; andAs/3 versusf./ fp.

A
The voltage waveform, current waveform, and elastance wave- R, 1 = R, + (Smax — Smin) <—1 — pdsd01>
forms can be represented in the frequency domain as a Fourier “r

series, and the circuit equation takes the following form forthe y  ~ Smin + (Smax — Somin) <& _ pdEdD1>

kth harmonic [7], [8]: Wp Wp
Az
g Rc,3 ~ Rs + (Smax - Smin) <_ - pdEdCEi)
Z 11Sa, k-1 Swp
Smin l=—c0 Smin B3
V< = RSI =+ - I + . Xc o~ Smax - Smin Y D 15
% k T, k oy .3 50, +( )<3wp PdEd 3) (15)

P i LS (13) wh'e'reAm B,, Cy, andl?,,, are fitting go'efficientsf. These co-
efficients can be determined by optimizing the circuit for max-
o ) ~imum efficiency using harmonic-balance analysis. We have de-
Furthermore, by defining the complex modulation ratio agrmined the coefficients for a wide range of device and circuit
My, = Si/(Smax — Smin), the general form of the large-signalparameters (see Table Il and Fig. 1). Hence, (15) can be used
device impedanc&y, . can be written as as a starting point to design the embedding circuit and a fairly

l=—00

S . ideal impedance match of the diode at the first and third har-
Za,k =Rs + % + (Smax = Swmin) monic frequencies will be achieved.
TP - By introducing the dynamic cutoff frequenay. = (Syax —
) 11 Z LM Smin)/Rs Of a varactor [7], the above expressions for optimal
Jhwp I A= L impedances can be rewritten as
1 i Zc,l Smin . fc . .
— Pd€d I l_z_:oo IIM(/z,kl> . (14) R, =1+ Ryw,, J+ f_p (Al + By — pagawp(C1 +JD1))
a Zc,3 =1+ Smin - E A3+JB3 _ C iD
The summation over all current and elastance harmonics in (14, ~ ~ ' 3R, w, J A 3 pacawp(Cs+jDs)
yields a complex number that depends on the embedding circuit (16)

conditions and on the physical properties of the HBV itself. To
determine the maximum conversion efficiency, i.e., when ttvhere the dynamic cutoff frequency of a typical HBV can be
pump power is completely absorbed and power delivered to thherived from (2), (7), and (9) as
load at the third harmonic is maximized, we assume that the

. - L. 1 N(wmax - 2LD)
complex summation is independent of external conditions and fe= G .
the HBV layer structures. Consequently, the optimal embedding T eq (ARp + pal(1+ N))

17)
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100% ¢ — R criteria for linear networks [22]. Under this conditidi,is given
E 3 by
S r B 7l'f Rc 1
= B= 5 20
g 10% - — X, 1 log(l') (20)
£ i ‘e, wherel is the reflection coefficient at the HBV inpuf, is the
5 L ., . pump frequency, and ;. ; andR, ; are calculated using the co-
g 1% & ¢ . efficients in Table Il and (16). As expected, very high-efficiency
§ F M HBV multipliers can only be impedance matched over a narrow
¢ frequency band.
0'10/‘6 o1 B ‘(‘)‘1 ‘ . ‘1 lll. HBV M ODELS FORHARMONIC-BALANCE SIMULATION

fpite The theory above [i.e., (16)—(20)] is intended as a quick-de-

sign method and as a starting point for a more detailed
Fig. 2. Optimum conversion efficiency of HBV triplers simulated using th‘ﬁarmonic-balance-design investigation. The device model
model (21) and (22) described in Section Ill. The solid line is a curve fit using B . . ! . ’ .. .
(18) (@ = 200, and3 = 1.5). escribed in this section is used to extract the coefficients in the
previous section over a broad range of operating conditions. It

can be used to model the performance of a complete multiplier

Equation (16) is similar to the result of Penfield and Rafuse [arcuit [23]. The voltage across the HBV capacitance and its
for Schottky diodes, but with additional termi%, and D,, ac- displacement current can be expressed as [24]

counting for the high-frequency and large-signal nonlinear re- bQ sQ .
sistance of the device. It is also similar to the result obtained (@) =N <J +2 a—i—&gn(Q)
[8] for Schottky diodes. However, the values of the coefficients ’ 2d
shown in Table Il are different, and an additional capacitance . Q +4k_T (1 _ e—|Q|/2LDAqu)
term is introduced. To maximizg., the parasitic resistande, 2qNgeqA? q
should be minimized and,,,. should be large comparedig. ) oQ

i(t) = —.

at
D. Pump Power and Conversion Efficiency (21)
. - . i . The model is accurate for drive1 and can easily be imple-
The conversion efficiency is defined as the power de"veredmented in any harmonic-balance simulator. Furthermore, given

to the load at the third harr_no_mc d'v'de.d .by the_ available NPWe above voltage—charge relation, the parasitic series resistance
power. For a varactor multiplier, the efficiency is related to th@an be expressed as

ratio of the pump frequency and the dynamic cutoff frequency palN [e] L AON
[7], [21]. The maximum conversion efficiency can be estimate&(®) = Rs — e <qN A+2LD (Clel/ pAdRd —1)> .
from the following empirical expression: ¢

(22)
~ 100 o This model can be extended to include the conduction current
ne————5 % (18) . ; . o
i\ [4] (drive > 1). For a more detailed physical quasi-statical
lta A description, see Adamsét al.[25]. For detailed HBV analysis,

where« and 3 are extracted from detailed large-signal simu(EOdeS combining time-dependent drift—diffusion numerical

lations for a wide range of devices and circuit conditions (Sggwlce. analyslljs with d frgq“eznéJY"fﬁ.ma”.‘ hla;!'nonlc—zalance
Table Il and Fig. 2). To maximize the efficiency, the dynami("ilna ysis can be use .[ ] 126]; s simutation code can
cutoff frequencyf. in (17) should be maximized anda, = I alsq bg run from'the internet via a Java interface using
to avoid excessive losses. This maximum conversion eﬁicieng§V|ceS|m.ee.V|rg|n|a.edu.

is predicted for the optimal embedding impedances described

by (16). IV. RESULTS AND DISCUSSION

Finally, the necessary input power to modulate the elastanke Parameter Extraction for Optimal Design
of an HBV from S,,;» t0 S,ax Can be estimated as

R R

All the coefficients were extracted by analyzing the HBV
Peos — VA2 ~ o1 v, 2 (19) structure shown in Table 11l with the model described in Sec-
AT oz 2 Tz, — R e tion Ill implemented in HP-MDS. The conversion efficiency
where is a fitting coefficient (see Table II). Equation (19)as maximized by tuning the embedding impedances at the first
ensures that reasonable device parameters and required ifpgthird harmonic, respectively. For the coefficient extraction,

powers are designed for a particular application. pump frequencies of 100 and 50 GHz were used. All simula-
tions were performed by assuming a homogeneous tempera-
E. Bandwidth Analysis ture of 7 = 300 K across the active device region, a device

area of 50pm?, and a field-independent (low field) electron
The maximum bandwidt, at which power can be coupledmobility of ;.. = 4375 cm?/V's in the GaAs region. Simula-
to the HBV input circuit, can be estimated from the Bode—Fariimns were performed over a wide range of operating conditions,
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TABLE Il

The circuit was further optimized using harmonic-balance
NU2003 LAYER STRUCTURE

analysis with an HBV model [4] including conduction current
through the structure. The optimum embedding impedances

Material ][21(r)1p31]n & &iekness were adjusted t&, | = 16 + 126 jQ andZ. 3 = 22+ 53 jQ

TnAs 10" 100 for two diodes in parallel and a pump power of 25 mW. These
In;_oGaAs 1x101§ 400 impedance values are very close to the values quickly designed
gﬁ éﬁgm 3(5)83 above in 4). Furthermore, the measured overall peak efficiency
GaAs Undoped 15 of the HBV tripler circuit was 9% for an input power of 31 mW
Aly;GaAs Undoped 200 per diode [27]. Input loss and output loss were estimated to
gﬁ ;*X‘i%?sl’ed 2(5)00 1 and 3.5 dB, respectively, for this circuit. The diode efficiency
GaAs Undoped 35 is calculated to 25% for an absorbed input power of 25 mW
Aly;GaAs Undoped 200 per diode. Experimental results verify that efficiency, optimal
GaAs 810" 2500 embedding impedances, and required pump power agree we
GaAs 1x10% 40000 with the above quick-design results [27].

GaAs SI -

V. CONCLUSIONS AND SUMMARY

0.01 < f,/f. < 1, by changing the drive level and the se- We have described a complete model for prediction of op-
ries resistanc,. Finally, coefficients for the design equationdimum embedding impedances, pump power, and efficiency of
(16), (18), and (19) were extracted (see Table Il and Fig. 1). THBV triplers. The models can be used over a broad range of
maximum tripler conversion efficiency versyis/ f. (Fig. 2) is frequencies for a variety of HBV devices and circuits. Com-
obtained by using (18) and the coefficientsand 2 given in Parisons with experimental results are favorable. Based on the
Table Il. CoefficientsB,,, C,,, and D,, were found to be inde- analysis described here, a new set of HBV’'s have been de-
pendent of thef./f, ratio, as expected. Howeved, and A3 signed and will be tested in the near future. The HBV quick-
are related to the conversion efficiency and, hence, functio#gsign method is available on-line through the web-interface
of f,/f., as shown in Fig. 1. These coefficients allow the ofttp://devicesim.ee.virginia.edu.

timum embedding impedances and the efficiency to be easily

calculated for a wide range of device parameters. ACKNOWLEDGMENT
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B. Design Example

A 3 x 47 GHz quasi-optical tripler was designed and fa
ricated using the quick-design method above [27]. The plan&F
four-barrier HBV diodes (UVA-NRL-1174-17) used for this cir-

cuit have a device area of 5#m? and a material structure, as REFERENCES

shown in Table Ill. The quick-design procedure is as follows. [1]

1) A parasitic resistancé, = 12 € was estimated for
the HBV [4]. With an electron mobility of:. = 4375 2]
cm?/Vs, the total series resistanég, can be calculated
to 16 Q.

2) The maximum extension of the depletion regiop,. [3]
is given by one of the four conditions described in Sec-
tion 1I-B; the smallest value fow,,,, becomes the lim- 4]

iting case. For this particular device, high conduction cur-

rent due to self-heating determines the maximum elas-

tance swing (case 2). Assuming a device temperature of[5]

350 K, wyax Was calculated to 2000 A, as described in

[16].

A cutoff frequency of 1 THz is estimated from (17). 6]

The optimum embedding impedances can be calculatecg

using (16), Table I, and Fig. IZ. ; = 284241 jQ and

Z. 3 = 52+ 103 j$} (single device).

5) A maximum HBYV tripler efficiency of 33% is estimated
from (18).

6) Finally, the required pump power is estimated to 26 mW (8]
from (19).
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