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ABSTRACT

Ing 53Gag 47As/Ing 55Alg 43As/AlAs Single Barrier Varactors (SBV’s) and Ing 53Gag 47As/AlAs
double barrier Resonant Tunneling Diodes (RTD’s) were integrated in a planar configuration.
The epilayers, designed for millimeter-wave applications, were grown by gas source MBE and
processed in a two-step mesa technology. Both types of devices exhibit very good
characteristics with very low leakage current for SBV’s up to § V while for RTD’s high peak
current densities and peak-to-valley ratios in the range 175-135 kA/em” and 6:1 to 9:1 were
found at 300K. Impedance measurements show that submillimeter wave operation can be
expected for both devices on the basis of extremely hi_}gh curent densities on one hand and of

very low series resistances (contact resistivity of 6x107° Q.cm”) on the other hand.
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1. INTRODUCTION

Recently heterostructure diodes have attracted much interest in Terahertz electronics because
they are able to respond very quickly and sensitively to a voltage control. In addition they have
potential advantages over conventional devices such as stronger nonlinearity and/or special
symmetry which make them attractive for non linear functions.

Therefore, a variety of experiments have been conducted with heterostructures consisting of
two barriers in series separated by a quantum well. When the thicknesses of the layers of this
Double Barrier Heterostructure (DBH) are typically less than 5 nm, quantum-size and
tunneling effects become significant [1] giving rise to the so-called resonant tunneling effect.
The samples fabricated on this principle exhibit a negative differential resistance effect so that
the devices can be used as an oscillator with important figures of merit which are the peak
current density (Jp) and the peak-to-valley ratio (PVR).

On the other hand, a structure which consists of a relatively thick single barrier, avoiding by
this means conduction mechanisms, exhibits depleted effects similar to those observed for
Schottky varactor[2]. However, the symmetry in the C-V characteristic eliminates the second
harmonic component resulting in more efficient harmonic conversion for frequency tripler
multiplication without idler circuits.

In this paper, the resistive and reactive non linearities of these new classes of quantum devices
are more specially addressed. To this aim, Ing 53Gag 47A5/Ing 50Aly 43As/AlAs Single Barrier
Varactors (SBV’s) and Ing 53Gay 47As/AlAs Resonant Tunneling Diodes (RTD’s ) have been
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fabricated using MBE growth and planar integration. Subsequent measurements in ac and dc
regimes were used to assess their frequency capabilities.

2. STRUCTURE DESIGN
2.1 Design of double barrier heterostructure

As stated in introduction there are two key parameters in the conduction properties of RTD’s
which are Jp and PVR’s[3]. Indeed high magnitude of both figures are two opposite goals and a
trade-off has to be found by a proper choice of the DBH structure. It is now well known that
shrinking the barrier thickness (Lb) leads to a drastic increase in the current density. Thus, one
can demonstrate that Lb in the range 1.4-1.7nm (5-6 monolayers) gives the best results in terms
of epilayer quality associated with high current density. Another possibility for optimizing Jp is
in the doping level of the emitter region. Let us recail that the current density flowing through
the structure depends in a first approximation on the occupied states in this region and of the
transmissivity of the quantum structure. Following these design rules we choose to increase the
doping and hence the Fermi level in the emitter region.

For optimizing Jp/Jv the best way is to increase the barrier height and hence the heterostructure
discontinuity. At last we have to define the doping concentration and the width of the collector
region. As a general rule a moderate doping (typically 1x10 ' cm™) over 100-300 nm gives
rise to pronounced depletion effects in the collector region. Finally, this active region has to be
sandwiched between two highly doped contact regions in order to obtain low resistive ohmic
contacts.

InGaAs 5x10" cm® 300nm
InGaAs 1x10" c¢cm’ 50nm
InGaAs Undoped 10nm
AlAs Undoped 1.7nm
InGaAs Undoped Snm

AlAs Undoped 1.7nm
InGaAs Undoped 10nm
InGaAs 1x10” cm” 300nm
InGaAs 5x10"® cm® 300nm
InP Substrate

Fig 1 : Growth sequence for DBH's

Figure 1 depicts the epitaxial growth sequences for a resonant tunneling diode by taking into
account these guide lines. The Indium-based material system with pseudomorphic growth of
strained layer tunneling barriers was chosen. It has several advantages over the conventional
GaAs-AlGaAs lattice-matched system which can be summarized in high tunneling
probabilities afforded by low effective mass, high discontinuity and also high Fermi level in
agreement with the aforementioned arguments. In addition, one can expect lower series
resistance as shown in the following.
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Prior to device fabrication, numerical simulations were carried out in order to predict
conduction and capacitance characteristics. For the numerical procedure, the first stage consits
of calculating accurately the variation of the conduction band edge accross the structure.
Ideally for such a calculation, a self-consistent solution of Poisson’s and Shrddinger’s
equations is required. However, a full self-consistent mode! based on the above equations has a
conceptual difficulty because scattering mechanisms must be included for a realistic
description of the bending of the conduction band due notably to the accumulation of electrons
in front of heterostructures.

However, this difficulty can be overcome by using a Thomas Fermi (TF) screening approach.
In that case, the carrier concentrations and hence the internal field profile can be computed by
solving simultaneously Poisson’s equation and Fermi Dirac distribution function. In addition,
the Fermi levels in the layers adiacent to heterostructures are taken constant by assuming that
these regions are locally in equilibrium. In contrast, we assume that no charge is stored within
the quantum region in view of high transparency of barriers. This means a linear variation of
potential in the quantum region. Figure 2 (a) gives an example of conduction band profile
calculated with the growth data reported in Figure 1 and which illustrates the strong band
bending effects due to doping modulation.

In a second step, we solved a discretized form of the time-independent Shrodinger equation by
using the potential profile computed with a TF formalism. This permits us to calculate the
variation of the wavefunction within the quantum region and in the adjacent layers for each
energy value which could be occupied by electrons. In fact, the simulation includes the highty
doped region where a plane wave solution exist so that the transmission coefficient can be
deduced from the ratio of amplitude coefficients of wavefunctions in the emitter and collector
regions. Figure 2(b) gives the quantum transmission probabilities we calculated by means of
this procedure for the band profile reported in 2(a). In agreement with the previous analysis a
rather large resonance window is found so that high current capability can be expected.
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2.2 Modeling of single barrier varactor

The design of SBV’s differs from DBH’s one because it is imperative to prevent any leakage
current through and/or over the barrier (thermionic emission). To that purpose, we used a
barrier which consists of an AlAs blocking layer sandwiched between two InAlAs layers as it
was proposed recently in referencef4]. The growth data are depicted in Figure 3. Also in
contrast to the previous case the structure is here symmetrical in dimension and in doping.

The calculation of the conduction properties can be performed following the same procedure
outlined before with a preliminary determination of conduction band profile, followed by a
calculation of probabilities to tunnel through and to jump over the barrier and in a last stage by
computing the current integrai[6]. Figure 4(a) gives thus the potential variation versus voltage
we computed at V= 2V from the growth data of Figure 3 whereas the current-voltage
characteristic is displayed in figure 4(b). One can note that onset of a parasitic conduction starts
at about 5V in agreement with experiment as shown later.

Concerning the capacitance calculation of the single barrier varactor, it was performed
according to the following equation:

=9

oV

Where the charge Q is the charge integrated over the accumulation side or the depletion side of
the device. The dipole charge in the integration domain A is given by :

Q= fq(x)dx
A
where q(x) is the net charge density at x obtained from the self consistent TF calculation.
Figure 4 (- iisplays the variation of C versus voltage obtained by considering here the charge
trapped ¢ accumulation layer. One can note a pronounced decrease in the capacitance
value. ~ fore at V= 2V, which was the bias corresponding to Figure 4(a), the capacitance
ratic i respect to equilibrium is about 2.2:1. Experimentally we found 2.5:1 as seen

ho er. In fact at V=2 V, the spacer layer is not fully depleted as seen in Figure (a) .

artheless , above this value the capacitance versus V is only slightly decreasing and hence

.4 be of minor importance from the conversion efficiency viewpoint.

InGaAs  5x10"® cm”®  {300nm
InGaAs 1x10"7 ¢cm®  |300nm

InGaAs Undoped 110nm
InAlAs  Undoped 5Snm
AlAs Undoped 3nm
InAlAs  Undoped Snm
InGaAs Undoped 10nm

InGaAs 1x107 em”  |300nm
InGaAs 5x10" em® [300nm

InP Substrate

Fig. 3 growth data for SBV’s
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Fig 4 : Conduction band profile (a) and current-voltage characteristic of SBV’s (b)
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3. PROCESSING TECHNIQUES

The main source of difficulty in the fabrication of heterostructure devices aimed at operating at
ultra-high frequency comes from the very small area of the devices. In that case it is often
preferable to integrate the devices in a planar configuration[6] either by planarization or air
bridge technique [7] which is the technology employed in the present work. Essentially the
devices were connected to coplanar transmission lines in such a way that the samples can be
characterized at the wafer level. The various steps in the process can be followed in Figure 5(a)
which shows a SEM view of a typical 1x10um’ area device just before the implementation of
air-bridge.

Fig 5(a) : Illustration of the two step mesa technology, SEM of double mesa configuration

Fig 5(b) : Detaii of the air bridge technology.

Briefly, the fabrication sequence first requires defining the active area directly written by
electron beam lithography and implementing the top ohmic contact (AuGeNi contact material
evaporated using an electron gun depositing system). The next step is the etching of a first




mesa by reactive ion etching ( plasma equipment with CH,/H,/Ar gases) in order to reach the
n+ bottom layer where a side ohmic contact is formed. Then the wafers have been processed
into test devices with a second large mesa defined by wet (HC1:5/H,0:3) or dry etching. This
permits one to realize the isolation and to fabricate low loss transmission lines onto the semi
insulating substrate. Interconnection between the central line and the top ohmic contact is
finally carried out by means of an air-brige fabricated by electroplating or evaporation . Figure
5(b) 1s an optical view of a device connected to the foot prints for wafer probing.

4. DEVICE CHARACTERIZATION
4.1 Resonant tunneling diode

Due to very high current density RTD’s were only characterized with a positive polarity on top
layer (forward bias). Figure 6 gives typical current-voltage characteristics measured with DC

probes at 300 K. In figure 6(a) the peak current is 7mA for an area of 4 pmz which corresponds
to a current density of 175 kA /em”™. The peak-to-valley current ratio is ~6:1. Hi%her values up
to 9:1 were also recorded but with lower current densities typically of 135 kA/cm” (Fig. 6(b)).

a: b:

Fig 6 : Typical current-voltage characteristics for a 4!,tm2 RTD
(a): Jp=175kA/eny’, Jp/Iv=5.5:1; (b): Jp=135kA/cm’, Jp/Jv=9:1

It 1s worth stressing that these characteristics are comparable with the highest values reported in
the literature with simultaneously high Jp and PVR’s [3]-[8]. In Negative Differential
Conductance region (NDC), self biasing effects are apparent due to spontancous self-
oscillations which develop across the diode and the measurement in NDC cannot be analyzed
at this stage. Indeed a major difficulty stems from the fact that high frequency operation
requires high current density as seen in introduction while this feature is undesirable for circuit
stabilization. In contrast when the devices are measured with rf probing techniques[9] the
devices were found stable over a large bias range for NDC effects. Indeed over this stable bias
range, the conductance level was sufficiently low to met the stability criterion Ls < Cd Rs Rd
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where Ls, Rs, Cd, and Rd are the parasitic inductance due to interconnecting elements, the
overall series resistance and the diode capacitance and resistance respectively. This explains
why the integration of the devices is of outstanding importance for successful measurements in
NDC. In practice, the devices have been found stable over AV= 150 mV with a variation of the
conductance of two orders of magnitude supporting the idea of strong nonlinearity. Also this
means that the resistive cut-off frequency can be electronically varied over one decade.
Subsequently, on wafer reflection measurements have been carried out in the frequency range
1GHz-40GHz with a HP 85107A network analyzer. Shown in Figure 8 are the measurements
(W) of the frequency dependence of real and imaginary parts of diode impedance for a bias of
1.54 V. Later on, special attention was paid to the resistive cut-off f, which was tuned between
8 GHz and 39 GHz by varying the bias. Figure 7 is a plot of f, as a function of YRd. Also
plotted in full lines are the variations of f, = (2nCd YRd VRs )_1 by assuming the condition Rd
>> Rs satisfied and by taking Rs as a parameter. For these calculations, the value of Rd and Cd
were measured independently from the asymptotic values of the real part of admittance at
lowest frequencies and from C(V) measurements. Linear behavior can be pointed ogt and Rs
can be determined unambiguously from the slope. We found Rs=16 Q for A = 4um”, Despite
that this term reflects an overall resistance it can be interesting for quality assessment to

Impedance ( () )
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1h[Rd]
Fig 7:Frequency dependence Fig 8: Resistive cut-off frequency
of Re(Z) and Im(2) versus 1/vRd

normalize the value of Rs with respect to the diode area. We obtain a contact resistivity of ~ 6x
107 Q. em” which is comparable to the best values reported in reference [10]. At this stage, the
maximum oscillation frequency (f,,,) can be estimated provided the highest negative
conductance G, is known. Thanks to the extremely high current density we obtained a
normalized value G, equal to 5x10° $/em’. Under these conditions, values of f,, in the
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submillimeter wave range can be extrapolated with diode capacitance less than 5x10” Flem’
(fmax~300GHz).

Retroactively, the set of data Ls=50pH, Cd=37{F, Rs=16Q and |Rd| = 750 Q
corresponding to V= 1. 54V can be used for determining the parasitic capacitance Cp. Also the
validity of the equivalent circuit given in inset can be checked from comparison between
measured and calculated data. This comparison is illustrated in Figure 7 where an excellent
agreement is seen,

4.2 single barrier varactor

Figure 9(a) shows a typical current-voltage characteristic of SBV’s measured at room
temperature. A high degree of symmetry was found in the I-V curve with extremely tow
leakage current up to 5 V where Fowler-Nordheim effects start to occur, in agreement with
calculations given in Figure 3b. This attests the quality of the epitaxy and shows that the
blocking AlAs layer plays entirely its role. Figure 9(b) shows the capacitance-voltage variation

measured at 1 GHz. An area equal to 100 um” was chosen for accurate measurements. The
capacitance ratio Cy/Cgy (where Cy and Cg,; are the capacitances at equilibrium and unde%-
saturation respectively) is 3.5:1. The normalized value of C,, with respect to the area is 2.5x10
F/em®. On this basis and by using the normalized value of Rs given above, which is
representative of the planar process of Indium based samples, we obtained a characteristic
frequency f,= (211(30.}7{5)'1 in excess of one Terahertz (fc = 1.06 Thz)
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fig (9): current-voltage (a) and C(V) (b) characteristics for SBV’s

CONCLUSION

Single Barrier Varactors and Double Barrier Resonant Tunncling Diodes have been
fabricated in a planar configuration and subsequently dc-and rf-tested. The devices exhibit
excellent performances in terms of non linearity of the current-voltage and capacitance-voltage
characteristics, Therefore, a high level of negative conductance and extremely low series
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resistance were demonstrated for RTD’s so that we can expect maximum oscillation frequency
in excess of 300 GHz. This high frequency capability was also found for SBV’s for which
submillimeter wave operation can be predicted. For RTD’s we are currently working on the
writing of smaller size contact while for SBV’s stacked devices are under process.
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