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1. AC Current Crowdingin aPlanar InP/CdS/LaS Cold Cathode

Prior to the start of this research effort, we had investigated the effects of direct current (DC)
current crowding across the emission window of an indium phosphide/cadmium sulfide/
lanthanum sulfide (INP/CdS/LaS) cold cathode shown in Figure 1 when a DC biasis applied
across the CdS layer. Inreferences[1,2], it was shown that, because of the trapping of electrons
in the LaS thin film and the finite resistivity of the LaS thin film, current crowding effects can be
minimized by keeping the width of the emission window We (Figure 1) under 50 nm while
keeping the emission current density below 100 A/cn.

i W|: = 2a
b x=0 b,
Top Contact: a a iTop Contact
ix) | i(x) [

LaS
cds LS 1
i) i) | V=

Substrate Z
(Au, Ag, or InP) S
I
Back Contact
Figure 1. Cross Section of Cold Cathode Structure with Two Emitter Fingers.

During this research effort, we have extended this analysis to the case where an alternating
current (AC) signal is superimposed on top of the DC signal acrossthe CdS layer. Hereafter, we
assume that the biasing conditions and geometrical parameters of the cathode are such that the
effects of DC current crowding are negligible and study the effects of asmall AC voltage across
the CdS on top of some DC bias. The goal was to study the frequency dependence of AC current
crowding effects. Since we wanted a cold cathode operating in the X-band (10 GHz (gigahertz)),
we had to address the issue of uniformity of the emission current at such a high frequency of
operation. If the cathode could be designed such that the AC emission current is uniform, the
cathode could then be used for application in traveling wave tubes (TWTSs) with a prebunched
beam.

Our first approach was to design afirst order model following the bipolar microwave linear
power transistor design method reported by Chen and Snapp [3]. In this approach, the cathode
was modeled using the transmission line model shown in Figure 2 to include the finite resistivity
of the LaS thin film, and the unit area shunt conductance and shunt capacitance of the CdS
layers. The effects of the finite transit time for electron to cross the CdS layer was neglected.
Thisis agood approximation since the CdS layer is assumed to be at most afew 100 A thick in
our numerical simulations. The transit time through the CdS layer is therefore expected to be of
the order of a picosecond (ps) or less.
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Figure 2. RC Transmission Line Approach to Calculate the Emission Efficiency of the
Cold Cathode Structure When Operated with a High Frequency, Sinusoidal
Voltage Source in Addition to the DC Bias Vpias.

LaS rc

Assuming alinear mode of operation, the expression for the microwave voltage across the
cathode at a distance x from the center of the emission window is given by the following
eguation:

Vae (X) = Arexp(- g(x - a)) + A, exp(g(x +a)), 1)
where 2aisthe width of the emission window We and A1, A, are the magnitudes of the

microwave signal on either side of the emitter window. By symmetry, A;, A, can be assumed to
be equal, gisthe wave propagation constant, which can be expressed as follows:

9 =9+ IWCess) . ()
where gnm, and Ccgs are the unit area shunt conductance and shunt capacitance of the transmission

line, respectively, w isthe angular frequency of the AC signal and r , is the sheet resistance of
the LaSthin film. The latter can be easily estimated, as follows:

My =T s/t (3)

where t is the thickness of the LaS layer (4 monolayersin all our ssmulationsor 25 A) and r _assis
theresistivity of the LaS thin film (selected to be 25 mAfcm in our numerical examples).

Both gm and Ccys are expected to be function of the position across the emitter window if current
crowding effects exist under DC biasing conditions. Hereafter, we assumed gm and Ceqs to be



constant, which is equivalent to assuming a uniform DC emission current density across the
emission window. In Equation (2), gm isthe small signal conductance of the cold cathode:

(o N @

gm B dVbias 1

where Jom is the emitted current density and V¢ isthe DC bias across the CdS layer. In Equation
(2), Ccqs isthe capacitance per unit area of the cathode, which is, for simplicity, approximated as
aparalel plate capacitor with thickness equal to the thickness of the CdS layer.

Using these definitions, we can derive an estimate of the ultimate frequency of operation of an
INP/CdS/LaS cold cathode as follows:

= 9m_
fr = 2C ©)

which allows us to rewrite the AC signal wave propagation constant across the CdS layer as

follows:
. f
g= \/r bgmg-" J—
fT

In our earlier numerical treatments of the INP/CdS/LaS cold cathode [1,2] we have shown that in
alimited range of bias, the emitted current density could be well approximated as follows:

I-I-O

(6)

Q

Jem = JoEXp@Vpe), (7)

where J and a are fitting parameters to model the Fowler-Nordheim emitted current density. We
used this approach to calculate the emitter-utilization factor (EU) of the cold cathode, whichis
defined as the ratio of the actual amount of AC emitter current to the total emitter current that
would have flown if the AC current density were uniform across the emitter area and had avalue
equal to that at the emitter periphery, i.e.,

We /2
Wem (X)X
0

Oem (0)aiX
0

With the Ja, exponential dependence on DC bias assumed above, the EU factor can be calcul ated
explicitly [4] and isfound to be



gvf/ tanhgo— j 9)

11 Numerical Results

1.1.1 Emitter Utilization Factor: In Figures 3 through 5, we plot the bias dependence of EU
factor for different values of the emitter emission windows and frequencies of the external AC
signal. The widths of the emission window must be kept sufficiently small to avoid the effects of
DC current crowding. The width of the CdS layer was kept equal to 300 A in al ssmulations.
The values of the parameters a and J, are selected arbitrarily equal to 1.8 V! and 10 A/cm?.
With these values, the emitted current densities are in good agreement with our earlier
calculations[1].

2 o
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Figure 3. Bias Dependence of the Emitter Utilization Factor for an Emission Window

Width of 10 mm at Three Different Frequencies of the AC Voltage Across the
CdS Layer, Which is 300 A Thick.

Figures 3 through 5 show similar trends with alower value of the EU factor at higher frequency
approaching the cutoff frequency of the cathode. For the largest emission window, the EU factor
decreases to around 0.4 even at the low bias value. Thisis an acceptable value of the EU factor.
If wetake asacriteriathat AC current crowding effects are negligible if the EU factor is kept
above 0.9, Figure 3 shows that AC current crowding are negligible even for an AC signal of 10
GHz up to abias of about 2.8 V. Figures 3 through 5 also show that the sensitivity of the EU
factor to the AC signal frequency increases for larger emitter window, as expected.
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Figure 4. Bias Dependence of the Emitter Utilization Factor for an Emission Window

Width of 20 mm at Three Different Frequencies of the AC Voltage Across the
CdS Layer, Which is 300 A Thick.
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Figure 5. Bias Dependence of the Emitter Utilization Factor for an Emission Window

Width of 50 nm at Three Different Frequencies of the AC Voltage Across the
CdS Layer, Which is 300 A Thick.



In Figures 6 through 9, we plot the EU factor versus the emission window width We for different
values of the applied DC bias. These figuresindicate that AC current crowding should be
negligible (at afrequency of 10 GHz) for an emission window width kept below 10 mm even for
an external DC bias of 4V.

2 o .
o=1.8, J0=10A/cm s Lcas=30°A , Vbias=1V

09—

0.8 -

07 o

Emitter Utilization Factor

0.6 |

0.5+ AN

0‘4 1 [ 1 l 1 ] 1 [ 1
(0] 10 20 30 40 50

Emission Window Width (microns)

Figure 6. Emission Window Width We Dependence of the Emitter Utilization Factor for a
DC Applied Bias of 1V as a Function of the Frequency of the AC Signal Applied
across the 300 A Wide CdS layer.
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Figure 7. Emission Window Width We Dependence of the Emitter Utilization Factor for a
DC Applied Bias of 2 V as a Function of the Frequency of the AC Signal Applied
across the 300 A Wide CdS layer.
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1.1.2 Amount of AC Current Crowding and InP/CdS/LaS Cold Cathode Design for
Performancein the X-band: In the simulationsin the previous section, we have investigated
the effects of AC current crowding in an InP/CdS/LaS cold cathode. Our first order analysis of
the emitter utilization factor was based on the assumption that the emitted current density could
be parameterized as a function of the DC applied bias as follows:

Jan = Joexp@Vpc), (10)

where J, and a were fitting parameters to model the Fowler-Nordheim emitted current density.
These parameters were selected arbitrarily in the previous section. To improve our model, we
next use the model of the INP/CdS/LaS cold cathode we developed in the past to study the
importance of self-heating effects in the cathode [5]. Assuming inelastic scattering in the CdS
and LaS layer with a mean-free path of 300 A and room temperature operation for now, we
calculated the utilization factor of a cathode with a 150 A CdS layer as afunction of the width of
the emission window.

We used the model described above to cal cul ate the maximum frequency of operation and the
EU factor. Next, weillustrated the AC current crowding effects by plotting the amplitude of the
AC signal across the emission window for a cold cathode with a width of the CdS layer equal to
150 A. We started with the expression for the microwave voltage across the cathode at a
distance x from the center of the emission window given by Equations (1) where 2ais the width
of the emission window and A1, A, are the magnitudes of the microwave signal on either side of
the emitter window. If we normalize the AC amplitude to the value of the AC signal at the edge
of the emission window, we obtain the following:

[Vac (X)/Vac (0)] = [exp(- g (x - @)) +exp(g(x + a)|/|exp(ga)) + exp(ga) - (11)

Figure 10 shows the variation of the emitted current density versus bias applied across the CdS
layer. The results are nearly the same for window width equal to 5 and 10 nm. A fairly large
current density of several thousand A/cm? can be obtained with afairly small bias. Thisis dueto
the fact that the width of the CdS layer has been reduced. The curvesin Figure 10 are then used
to compute the maximum frequency of operation of the cathode using the model described in our
earlier reports and the results for fr are plotted in Figure 11. The results are only shown for a
window width of 5 mm, but are nearly identical for the 10 mm window.

Figure 11 indicates that the cathode can operate in the X-band for a bias across the cathode equal
to 1.632 V. For thisbias, the effects of AC current crowding are small. For the cathode with

5 mm wide emission windows, the AC potential is only reduced by 12 percent of its value at the
edges of the emission window when the cathode is operated in the X-band, as shown in Figure
12. Thereduction at the center is more severe (close to 40 percent) for a 10 mm wide emission
window as seen in Figure 13.

In summary, our analysis of AC current crowding in alnP/CdS/LaS cold cathode starting with
the more rigorous DC model of reference [5] indicates that operation in the X-band is possible by



reducing the width of the CdS layer to 75 A and by keeping the width of the emission window
under 5 mm.

8000 T T T I T T T T T T T

6000

4000

Emission Current Density (A/cm?)

N
o
o
o

1.4 1.45 1.5 1.55 1.6 1.65
Applied Bias (V)

Figure 10. Emission Current Density for Emission Window Widths of 5 mm and 10 nm
versus Applied Bias across the 75 A CdS Layer of alnP/CdS/LaS Cold Cathode.
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Figure 11. Maximum Freguency of Operation fr versus Applied Bias acrossa 75 A CdS
Layer in an InP/CdS/LaS Cold Cathode for an Emission Window Width of 5 nm.
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J,=1.781e-07A/cm?, a=14.4047, L, =75A°, We=10um

Vbias=1.632V
1 T T
] ! I

— f=2GHz
R f=5GHz /]
| — f =10 GHz
0.9~ /
i‘% 53 L
\>’<6 0.8— —
2:5 5 ','
% - -
0.7 \‘*::;z_._. _

Distance (pm)

Figure 13. Amount of AC Current Crowding as a Function of Frequency for an AC signal
Applied Acrossthe 75 A CdS layer of an InP/CdS/LaS Cold Cathode with an
Emission Window of 10 nm and an Applied Bias across the CdS layer of 1.63 V.

10



1.2  Small AC Signal Equivalent Circuit of an InP/CdS/LaS Cold Cathode

1.2.1 Development of Equivalent Circuit: Next, we focused on developing a small signal
equivalent circuit of the InP/CdS/LaS cold cathode, which goes beyond the first order treatment
described in section 1.1 where we used the simple estimate for the maximum frequency of
operation of the cold cathode based on Equation (5). By looking more carefully at the current
flow within the device (Figure 14), asmall AC equivalent circuit of the cathode was derived and
isshown in Figure 15. Thisfigure shows a cross section of the cathode and the various resistive
and capacitive elements controlling its high-frequency performance. The cathode can be thought
as athree-terminal device (smilar to abipolar junction transistor (BJT) or heterojunction bipolar
transistor (HBT)) in which the role of the emitter is played by the heavily doped InP substrate
[4]. The biasing fingers play the role of the base and the anode is equivalent to the collector.

First, not al of the Fowler-Nordheim tunneling current is actually flowing through the area of the
rectangular window. Some of it, emitted under the Au lines used to bias the cathode, will not be
able to make it into vacuum because of the shadowing action of the Au biasing fingers. This part
of the Fowler-Nordheim tunneling current is part of the base current since it will be forced to run
through the Au lines. In addition, the base current also contains a component resulting from the
trapping of electrons in the CdS layer. This trapping isincluded in our model and results not only
from the effects of inelastic scattering in the CdS and LaS layers but also from the finite

probably for electronsto be reflected at the CdS/LaS and LaS/vacuum interfaces.

Anode

__________ RL
i I L
: TA : — Vear
— L Lo i
Au 2 2 Au
? i E— LaS — ?
Voias T | -2-- -k :‘f’:/ =Y
2 N " i 2
If : ~_i—CdS
JFN
-+
n — InP

Figure 14. Cross Section of Cold Cathode Showing the Various Resistive and Capacitive
Elements Controlling its High Frequency Performance.
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Figure 15. Small-signal AC Equivalent Circuit for Cold Cathode Structure.

We assumed that the width W of the Au fingers on either sides of the emission window are
equal to the width of the emission window itself (but the model can be generalized to any other
configuration). The amount of base current isthan simply given by the following equation:

lg = Jpn (AVEL) + (Jpy - JAWEL, (12)
where the first term comes from the shadowing action of the two emitters fingers and the second
term is due to the current trapping of electronsin the LaSthin film. In Equation (12), L isthe
length of the Au fingers.

In the simulations, we fitted the base current to an expression of the following form:

I'g =1, exXp@Viias) (13)
and extract the parameters |, and a using the model discussed in reference [5]. If asmall AC
signal is added to Vs, We could then build a hybrid-pi equivalent circuit of the diode as shown

in Figure 15. From the base current expression above, we found the following small signal
resistance of the emitter-base junction:

U _
Iy :e—H =(alg)™, (14)

which isafunction of the DC biasing point.

The capacitance between emitter and base is simply approximated at the parallel plate capacitor
with athickness equal to the width of the CdS layer and an area equal to 3 We times the length L
of the emission window. The DC bias and small AC signal are applied on arectangular pad
located at the end of the emitter fingers of length L. We must therefore take into account of the
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finite resistance of the Au lines, which have width WE, length L, and height H. Thisleadsto a
contact resistance Ra, equal to the result of the following equation:

— r AuL
A WH

: (15)

wherer ayistheresistivity of the Au lines.

The small AC signal controls the (collector or anode) current 1. The latter is also afunction of
the DC applied bias and can be parameterized as follows:

| = 1o'€Xp@ Vi) (16)

This leads to a transconductance for the cathode given by the following:

gm B dVbias

—a'l, . (17)

Finally, we included the effects of the capacitance between the anode and the LaS thin film and
Au lines, which we simply model also as a parallel plate capacitance with athickness equal to
the separation between anode and cathode (which we take as 15 nm in the ssmulations hereafter).
The AC circuit is completed by adding the load resistance R, which is shown schematically in
Figure 15.

1.2.2 Equivalent Circuit Simulations.  For the cathode, we use the following parameters:
thickness of the CdS layer (75 A), anode to cathode spacing (15 nm), width of the emission
window and Au lines (5 nm), and the length of the Au lines (100 nm). The resistivity of Au lines
was set equal to 2.04 W-em and the dielectric constant of the CdS layer was set equal to 5.4 ey.
Furthermore, the voltage across the vacuum gap is assumed to be large enough that space-charge
effects in the vacuum region do not have any influence on the anode current.

Because the capacitance between anode and cathode is rather small, the associated impedance at
an assumed AC frequency of 10 GHz israther large. With the parameters listed above, the
impedance between cathode and anode is found to be about 3.2 kW, which is much larger than
the impedance of the CdS layer capacitance (1.7 W) and the resistancer,. Figure 16 isaplot of
the bias dependence of the base and anode currents. The bias dependence of the small signal
parametersr, and gn are plotted in Figure 17. Referring back to Figure 15, since the impedance
of the anode-to-cathode capacitance is large, the maximum frequency of operation of the cold
cathode ft isfound to be equal to the result of the following equation:

1

fr = . 18
T ZP(RAu”rp jE ( )
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The latter is plotted as a function of Vyssin Figure 18. This figure shows the bias dependence of
fr for two different values of the length of the emitter fingers. Figure 18 indicates that, by
appropriately designing the cathode, the unity gain frequency can be well in excess to the 10
GHz frequency range for operation of the cathode in the X-band.

o
-
I

0.05 —

Anode and Base Currents (A)

0 4 1 1
1.4 1.45 1.5 1.55 1.6 1.65
Applied Bias (V)

Figure 16. Base and Anode Currents for Cold Cathode Structure as a Function
of the Applied Bias Vyjzs.
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rand (1/g,)" (Q)
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o 1 1 1 1
1.4 1.45 1.5 1.55 1.6 1.65
Applied Bias (V)

Figure 17. Small Signal Parameters r, and gn, for the Cold Cathode as a Function
of the Applied Bias Vyjzs.
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Figure 18. Maximum Freguency of Operation fr for the Cold Cathode as a Function of the
Applied Bias Vyias.

In summary, we have constructed a small AC signal equivalent circuit (hybrid-pi) model of an
INP/CdS/LaS cold cathode indicating that frequency operation in the X-band isfeasible. More
accurate simulations of the frequency response of the cathode should be coupled with the self-
heating effectsin the cathode that would tend to increase the LaS work function thereby
decreasing the anode current and simultaneously increasing the base current. Thiswould tend to
decrease the transconductance of the cathode and reduce its overall frequency performance. The
overall bias dependence of the unity gain current frequency would then be expected to reach a
maximum before falling at larger values of the DC bias as aresult of self-heating effects.
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2. Cold Cathode—HBT Integration
21  Geometric Considerations

For high current beam generation, the cold cathode structure must be operated at a high current
density ~10% A/cm?. To achieve this current density, the cold cathode structure must be provided
with a high current input since the structure does not of itself produce gain. One device known
for its ability to produce a high current drive output is the bipolar transistor. For the high
frequency application of interest here at ~10 GHz, the heterojunction bipolar transistor (HBT) is
apossibility since it can ssmultaneously provide high current density operation and gain at the
necessary frequencies. Both GaAs-based and InP-based HBTs are of interest since the rare-
earth sulfides, NdS and LaS, that are nearly lattice-matched to GaAs or InP, respectively, are
potential materials for incorporation in the cold cathode structure because they have sufficiently
low electron affinities.

One of the primary tasks undertaken in this contract was the investigation of the issues and
obstacles arising from the monolithic integration of the cold cathode structure with an HBT.

Both high-current density operation and microwave frequency performance (~ 10 GHz) were the
objectives. The integration issues are very similar for the GaAs and InP-based transistors, so
only the InP-base transistor integration will be considered in thisinitia discussion.

Two configurations were investigated for possible integration of the two devices as shownin
Figure 19. Thefirst (lateral) approach incorporates the cold cathode structure adjacent to the
HBT. The HBT epitaxia layer structure is grown initially by a conventional process, e.g.
molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD)
technologies, and the transistor is fabricated in the usual mesa etch process. Subsequently, the
CdS and LaS is deposited epitaxially and the top metal grid contacts formed to complete the cold
cathode structure. The n- InP collector layer could be incorporated into both structures.

In the second approach (vertical), the HBT would be positioned beneath the cold cathode
structure and the n+ InP collector layer would constitute part of both devices. The HBT would
be inverted in this case (collector-up) so that the output electron collector current of the HBT
could be injected directly into the cold cathode. The epitaxial growth issues associated with
growth of the rare-earth sulfides on the InP material were not investigated here. Rather, the
issues associated with the integration, electrical operation and interaction of the two structures
were examined. In the following, we summarize the results of our analysis regarding the
feasibility of the two approaches to monolithic integration.

We consider first the lateral integration approach seen in Figure 19 a. Here the output collector
current of the HBT is transmitted laterally through the heavily doped subcollector layer to the
region beneath the cold cathode. In thiscase, the HBT is fabricated in the normal emitter-up
configuration, which is known to be capable of high current and high frequency operation [6].
This configuration poses a number of problems, however, with respect to the efficient transfer of
current from the HBT into the cold cathode. Recall that for the conventional emitter-up HBT,
the transistor typically employs dual base contacts (to reduce base series resistance) and two
collector contacts [6]. Asaresult of the device's symmetry, one half of the collector current is
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Figure 19.  Cross Section of the Integration of an HBT with a Cold Cathode using the L ateral
(a) and Vertical (b) Integration Approaches.

collected at each of the two collector contacts. With thisin mind, when we place the cold
cathode structure adjacent to the HBT, we estimate initially that approximately one half of the
collector current will go to the cold cathode structure since it is replacing the second collector
contact. However, thisisoptimistic. Without a second collector contact C, (positively biased) to
the right side of the cold cathode structure as shown in Figure 19 a, we have little chance of
drawing the electrons laterally to the cold cathode. So the presence of the second collector
contact C, isanecessity. But the second collector contact C, competes with the cold cathode
structure for collecting the electrons (in addition to the competition from the C; collector
contact). Infact, the situation is actually worse than this. The collector contacts present alow
impedance (~ 10’ s of W) to the electron flow since each forms alow resitance ohmic contact.
By contrast, the cold cathode structure presents a high impedance of the order of few kW s since
we estimate an emission current of the order of 0.5 mA for abiasof 1 V. Asaresult, most of the
collector current output from the transistor will be collected at the C; resulting in only a small
fraction of the current being injected into the cold cathode structure. Hence, our current transfer
efficiency from the transistor output into the cold cathode will be poor for this lateral integration
approach. We can understand the physical origins of this effect asfollows. Electronsinjected
into the cold cathode structure, face an intrinsic CdS layer that they must cross by thermionic
emission and tunneling. This constitutes arelatively high impedance path by comparison with
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the low resistance seen at the ohmic collector contacts C; and C,. Asaresult, the current is
largely shunted away from the cold cathode structure and collected at the collector contacts.

In summary, this lateral integration of the HBT and cold cathode structure does not appear to be
apromising approach. Thereisdifficulty providing efficient current transfer from the HBT' s
output into the cold cathode. Without efficient transfer, higher current operation for the HBT is
needed with its associated problems of self-heating. Modifications to the system’s design to
resolve the problem do not appear attractive for controlling the emission current nor for
modulation at high frequencies. Removal of the collector contacts is not a solution since doing
so removes our ability to separately bias the collector junction of the HBT and the cold cathode
structure. The two become connected in a simple series configuration with only a single bias
across the combination.

We have also examined the related problem for the collector-up HBT integration with the cold
cathode structure in avertical configuration as shown in Figure 19 b. In this case, electrons are
injected across the emitter junction of the transistor, and cross the base into the collector. A
portion of these are injected across the CdS of the cold cathode and emitted into the vacuum.
Similar to the lateral integration approach, we have examined the efficiency with which the
output electron flow from the HBT is coupled into the cold cathode structure. In this case also,
the collector contacts C compete with the cold cathode structure for the electron current. Since
the current density is very nearly uniform across the collector, we can estimate the fraction of
current collected by the cold cathode' s anode | o using a simple geometric argument based on the
size of the collector contacts, the emission window and the top grid. Theratio of the emitted
electron current |4 to the total current provided by the HBT’ s collector output is given by the
following:

—lA :i: WE (19)
le+lectla Ac Wg +2Wo + 20N

where I isthetotal current collected by the two collector contacts (a fraction of the total output
current of the HBT) and I cc is that collected by the top gold electrodes. Here WE is the width of
the emission window, W(¢ is the width of the collector contacts and Wcc is the width of the top
cold cathode electrodes. In Equation (19), the arearatio is that of the emission window (Ag=
WEL) to the total collector junction area Ac (also equal to (Weg+2Wc+2Wec)L ). For example,
for Wg=10 mm, W¢ = 1 nm and Wee = 1 mm, theratio is 10/14 = 0.71, which constitutes a
reasonable transfer efficiency. From this simple approximate analysis, making the collector
contacts relatively narrow compared with the emission window allows efficient current transfer
from the HBT to the cold cathode. Of course, more exact numerical simulations are needed to
refine thisanalysis. There will be some current crowding effects associated with the fact that the
collector contacts pose alower impedance than the cold cathode. One advantage that the
collector-up, vertical integration approach retains over the lateral approach is that with the
presence of the collector contacts, the voltage applied to the base-collector junction of the
transistor and that across the CdS layer are individually adjustable.

For the HBT, implementation of the collector-up configuration presents obstacles to achieving
acceptable device performance [7]. When the emitter-base junction area exceeds the collector-
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base junction size, there is a significant loss in electron current injected across the emitter
junction that is not collected by the collector junction, which results in serious degradation in the
device' s current gain. Inthis project we have investigated the effects of device geometry on
HBT device performance for the collector-up configuration using acommercial, two-
dimensional, device smulator ATLAS produced by Silvaco International [8] aswell asusing a
simple analytical model. The purpose was to investigate the extent of degradation in device
performance in utilizing the collector-up configuration. For the collector-up HBT shown in
Figure 19 b, the emitter junction area has been reduced to that of the collector junction by
underetching of the base region. Such an approach to device fabrication has been demonstrated
using wet chemical selective etching to undercut the base mesa but not the emitter. For this
modeling study, the InP/GaAsSb double heterojunction bipolar transistor (DHBT) [9] was
investigated since the selective etchants are known. For the InP/InGaAs material combination
more conventionally used for InP-based HBTs [6], the use of selective etchants is more difficult,
though possible. Likewise, the use of selective etchants for GalnP/GaAs HBT fabrication iswell
known [10], though AlGaAs/GaAs HBTs are more typical GaAs-based transistors. Our
simulation results, however, are largely geometry related so the exact material system
investigated is not critical and the results can be generalized to any of the material systems.

Shown in Figure 20 ais the cross section for one half of the mesaisolated collector-up HBT
where there has been no selective etching to undercut and reduce the width of the emitter and the
emitter junction area. Shown in Figure 20 b is the case where the selective etching has been used
to undercut the base contact and reduce the emitter junction areato just that of the collector
junction. The latter isthe preferred configuration since there is then nearly complete transfer of
the electrons injected across the emitter junction into the collector and the device's current gain
islarge. However, in practice thisis difficult to achieve so we have investigated the extent to
which the device' s current gain is degraded as the emitter junction areaisincreased from that
produced for the device structure seen in Figure 20 b toward that seenin Figure20a. The
results are shown in Figure 21 awhere we have plotted the transistor’ s current gain as a function
of the amount of the undercut. Zero undercut corresponds to the device structure seen in Figure
20 a, and an undercut of 3.5 mm correspondsto that in Figure 20 b. The results are replotted in
Figure 21 b, but expressed in terms of the current gain degradation factor (i.e. device gain
relative to that for the ideal case (Figure 20 b) versus the ratio of the emitter to collector junction
areas. From Figures21 aand 21 b, it is clear that without use of the undercut to reduce the
emitter junction area, the transistor’ s gain in the collector-up configuration is very small (~2) and
several orders of magnitude less than the corresponding emitter-up configuration for the same set
of epitaxial layers and contact geometry. However, with the use of the lateral undercut, the
device performance (current gain) can be dramatically improved to more 3800. The reason for
thisisthat electrons injected under the base contact for devices with little undercut will likely be
lost to recombination in the base increasing the base current and reducing the collector current.
As aresult, there will be degradation in the current gain. As shown in Figure 22, the electron
distribution and flow is very nearly uniform across the emitter junction so the loss of electron
flow is nearly proportional to the emitter junction area. What is significant from these resultsis
that even an emitter junction area only 0.5 nm wider (10 percent larger area) than the collector
junction resultsin a severe gain reduction of ~ 50 percent. These results point out the
importance of using a selective etch to undercut the base layer to reduce the emitter junction area
very nearly to that of the collector junction.
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2.2  Energy Band Structure Considerations

Also considered as a part of this contract was the HBT technology that might be suitable for
integration with the cold cathode structure. Both GaAs-based and InP-based HBTs were
considered since rare-earth sulfides that are | attice-matched to GaAs and InP, respectively, have
been investigated and found to have low electron affinities. We consider first the INP-HBT
technology compatible with the CdS and LaS materials. Shown in Figures 19 aand b are the
emitter-up and collector-up configurations, respectively, for an InP/InGaAs HBT, which isthe
conventional material system utilized for InP-based HBTs[6]. However, the need for an n+InP
layer for use in the cold cathode structure and its simultaneous use as the collector of the
INP/InGaAs HBT poses a problem with thisimplementation. Shown in Figure 23 is the energy
band structure for this proposed integration of the InP/InGaAs HBT and cold cathode structure.
The narrow band gap InGaAs base region has awide band gap InP layer as the emitter and
collector so that the device constitutes a doubl e heterojunction bipolar transistor (DHBT). Asa
result of the conduction band discontinuity (0.25 €V) at the base-collector junction in the HBT,
there will be a severe limit to electron flow from the base into the collector and a corresponding
degradation in the device's collector current and current gain [6]. The development of double
heterojunction InP/InGaAs HBTs has been pursued and successful demonstration of high
performance devices has necessitated the development of approaches to reducing the effect of
this band discontinuity, including compositional grading or use of a graded superlattice at the
base-collector junction [11,12]. These approaches complicate considerably the epitaxial growth
technology required to fabricate the device’ s multilayer structure. They also complicate the
device' sfabrication. Asaresult, integration of an InP/InGaAs DHBT with a CdS/LaS cold
cathode structure is more problematic and less attractive. Alternative approaches need to be
considered.

n+ n+ n- p+ B-C n- n+ i
InGaAs InP InP InGaAs SCR InP InP CdS LaS
Emitter Base Collector

Eg(Ino's_,,Ga(mAs) =0.75 eV E, L)
InP/InGaAs
AE.= 0.25eV
AE,= 034 ¢V

Figure 23. Energy Band Diagram for InP/InGaAs Double Heterojunction Bipolar Transistor
Integrated with a LaS/CdS/InP Cold Cathode Structure.
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Recently, there have been reports in the literature of an alternative, narrow gap material GaAsSb
for use as the base of an InP-based DHBT [9,13]. GaA sy51 0049 has a bandgap of 0.81 eV (close
tothe 0.75 eV for InGaAs) and can be grown lattice-matched to InP. What is aso interesting
and attractive about GaAsSb is that its conduction band edge is above that of InP by 0.18 eV so
that we have atype Il heterojunction (offset band edgesinstead of inset edges). Asaresult, the
energy band diagram for the InP/GaAsSb DHBT looks like that shown in Figure 24. Note that
there is no conduction band barrier at the collector heterojunction so that a double heterojunction
device can be built. 1nP/GaAsSb DHBTSs have been successfully demonstrated with high gain
and microwave freguency capability. Since the collector is n-type InP, the deviceisaso
attractive for integration with the CdS/LaS cold cathode structure as seen in Figure 24. Selective
etching techniques have aso been employed in building InP/GaAsSb DHBTs[9,13] so that the
fabrication of the collector-up HBT with lateral undercutting of the base to reduce the emitter
areaisaso feasible.

n+ n+ n- pt B-C n- n+ i
InGaAs InP InP GaAsSb SCR InP InP Cds LaS
Emitter Base Collector
S ——>

E (GaAss,Sb, ) = 0.81 eV

InP/GaAsSb

AE.= 0.18 eV
AE,= 0.71 eV

Figure 24. Energy Band Diagram for InP/GaAsSb Double Heterojunction Bipolar Transistor
Integrated with a LaS/CdS/InP Cold Cathode Structure.

GaAs-based HBTs have aso been investigated for possible integration with NdS
employed in the cold cathode structure since NdS is closely lattice-matched to GaAs. For GaAs-
based HBTSs, the dominant material technology is AIGaAsGaAsHBTSs. Shownin Figure25isa
possible scheme for integrating an AlGaAsGaAs HBT with a NdS cold cathode structure. In
this case, since GaAs s desired as the collector, the device used is a single heterojunction HBT
with an AlGaAs emitter layer. For the cold cathode structure, AlIGaAs is proposed as the wider
band gap, insulating material and NdS as the low electron affinity electrode material. Such an
HBT structure would be relatively easy to grow and obtain since the AlGaAs materia is
essentially lattice-matched to GaAs for all compositions. For fabricating the collector-up HBT,
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selective etching has been reported for etching AlGaAs versus GaAs, so the undercut of the base
layer could be used to reduce the emitter junction area.

n+ n+ n- p+ B-C n- n+ i
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Al ;Ga,,As / GaAs
AE.= 0.25eV
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Figure 25. Energy Band Diagram for AlGaAs/GaAs Heterojunction Bipolar Transistor
Integrated with a NdS/AlGaAs/GaAs Cold Cathode Structure.

Asan dternative to AlGaAsGaAs HBTs, GalnP/GaAs HBTs have recently been reported with
good high-frequency performance [10,14]. GalnP can be grown lattice matched to GaAs and has
abandgap of 1.84 eV, similar to AlGaAs, but has a much smaller (0.11 eV) conduction band
discontinuity. The GalnP material has a number of characteristics that make it superior to
AlGaAs for devices, particularly HBTSs, including a reduced tendency to incorporate oxygen
during growth and formation of related defects. In addition, selective etching has been shown to
work in fabricating these devices [10,14], which makes its use in fabricating the collector-up
HBT more feasible than in the AlGaAs/GaAs HBT case. Recently, a collector-up GalnP/GaAs
HBT has beeen reported [15]. Shown in Fgure 26 is the energy band diagram for this
GalnP/GaAs HBT integrated with an NdS/GalnP/GaAs cold cathode structure.
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Figure 26. Energy Band Diagram for GalnP/GaA s Heterojunction Bipolar Transistor
Integrated with a NdS/GalnP/GaAs Cold Cathode Structure.

In summary, monolithic integration of alll-V HBT with a cold cathode structure appears
feasible and attractive. Our analysis shows that the collector-up device and vertical
configuration are more attractive than the emitter-up device and lateral integration when the
efficiency of the electron transfer is considered. However, further modeling of the integrated
collector-up HBT and cold cathode structure is needed to determine the exact electron injection
efficiency that can be achieved and the extent of its dependence on the integrated device's
structure, e.g., collector contact size, emission window size, CdS thickness. Asfar as materials
issues, integration of CdS/LaS/InP cold cathode with an InP-based HBT appears feasible.
INP/InGaAs HBTs using an InP collector present some difficulty due to the conduction band
discontinuity at the collector heterojunction, that requires a more complex epitaxy, e.g.
compositional grading, to reduce the barrier. Newer InP/GaAsSh HBTs are more attractive since
there is almost no conduction band discontinuity impeding electron injection into the InP
collector. In addition, selective etching technology has been demonstrated in the fabrication of
these INP/GaAsSb HBTSs, which isimportant for fabricating high performance collector-up
HBTs. GaAs-based HBTs are also possible using NdS. AlGaAs/GaAs HBTs are suitable, but
newer GalnP/GaAs HBTs are more attractive for better device performance and reliability. In
addition, selective etching has been developed and demonstrated for GalnP/GaAs HBTSs, which
isuseful in fabricating the collector-up HBT.
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AC

BJT

DC
DHBT
EU

HBT
MBE
MOCVD
TWT

LIST OF ACRONYMS

Alternating Current

Bipolar Junction Transistor

Direct Current

Double Heterojunction Bipolar Transistor
Emitter Utilization Factor

Heterojunction Bipolar Transistor
Molecular Beam Epitaxy

Metal-Organic Chemical Vapor Deposition
Traveling Wave Tube

29



