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Abstract — Planar GaAs Schottky diodes will be utilized for all of the LO chains on the HIFI instrument for
the Herschel Space Observatory. A better understanding of device degradation mechanismsisdesirablein or-
der to gecify environmental and operational conditions that do not reduce device life times. Failures and
degradation associated with ESD (Electrostatic Discharge), high temperatures, DC currents and RF induced
current and heating have been investigated. The goal isto establish a procedure to obtain the safe operating
rangefor a given frequency multiplier.

1. Introduction

Planar GaAs Schottky devices have been developed for fixed-tuned broadband frequency doublers and triplers[1-4]
with output frequencies ranging from 140 to 1900 GHz for the Heterodyne Instrument for Far-Infrared (HIFI) on the
Herschel Space Observatory (HSO). In order to obtain satisfactory amounts of RF power especially at the high end of
this spectrum, it is important to pump the first multiplier stage in a cascaded chain with 100-200 mW of power. These
power levels are now available due to recent devel opments in W-band power amplifiers[5]. For instance, for a cascaded
chain to 1200 GHz, the 200 GHz stage is pumped with 100 to 200 mW at WR-10 band, the 400 GHz stage with 30 to
50 mW, and the final stage with 3 to 10 mW. For the purpose of space qualification, a solid understanding of the risks
associated with diode failures has to be achieved. Therefore, the reliability of planar GaAs Schottky diodes has been
systematically investigated with the goal to define guidelines for determining the safe operating range of varactor diode
frequency multipliers.

The work described in this paper is based on the investigation of various failure mechanisms that might occur in the
device based on environmental and operational conditions. In most cases there is no redundancy in the LO chains and
thus afailure of one device represents asingle point failure causing that whole frequency band to be nornoperational. It
is also important to understand these failure mechanisms so that environmental and operational precautions can be ap-
propriately placed to mitigate risk.

Failure mechanisms associated with ESD, high temperatures, and current (both DC and RF) have been investigated
in some detail. Our investigations into these failure modes will now be presented in some detail. However, it should be
kept in mind that the goal of this study is to establish a safe operating range for the HIFI diodes in particular and to es-
tablish some general procedures that can be used as guidelines for any given frequency multiplier.

2. Degradation dueto Electrostatic Discharge (ESD)

ESD is perhaps the single most common failure mechanism in high frequency diodes. Thisis unfortunate since this
risk is also quite easily mitigated by sound engineering procedures. For a quantitative analysis, the ESD susceptibility
of five planar GaAs devices was measured in forward as well asin reverse bias for a number of different dopings. The
ESD measurement was performed with a human body model (HBM) ESD simulator circuit, based on MIL-STD-883
Method 3015.7 [6]. The HBM ismodeled by a 100 pF capacitor discharging through a switching device and a 1500 ohm
resistor in series to the DUT (Device Under Test). The discharge produced a double exponential waveform with arise
time of 25 ns and a pulse-duration of approximately 250 ns. This test simulated the conditions when ESD sensitive
hardware is handled without protection, such as proper grounding of operator and hardware. The ESD voltage pulse was
increased in steps of 10V or 20V in the forward direction and -5V or -10 V in the reverse direction. After each ESD
pulse the diode voltage for + 1 pA was measured. A failure was defined as a 10% change in this voltage in either direc-
tion.

A comparison between pulses in the forward and reverse direction indicated that the device is more susceptible to
pulsesin the reverse direction, consistent with results reported for large area Schottky diodes[7]. Inforward anomina
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diode can withstand ESD pulses that were 2 to 4 times higher than reverse. However, since it isimpossible to predict
the ESD pulse polarity the upper limit is taken to be the pulsesin the reverse direction. The voltage magnitude that re-
sults in damaging the diode (in reverse) for a number of different dopings is shown in Figure 1(a). After the failure of
the device (as defined above), an inspection at 500x magnification of the individual anodes showed no visua evidence of
damage. The damage to the device is probably due to localized heating under the anode metallization or metal migra
tion. Since the devices are extremely sensitive to ESD, they have to be classified as Class | ESD Sensitive Devices per
MIL-STD-883. In order to mitigate the ESD risk, the implementation of sound engineering practices such as proper
grounding, ESD safe working space and elimination of ground loops is highly recommended. A number of possible ap-
proaches can be used to reduce sensitivity to ESD [8].

A possible filter circuit that consists of two RC filtersin seriesis shown in Figure 1 (b). The capacitors also help
to reduce high frequency noise on the bias line. When biased through this circuit the diode was able to withstand ESD
pulses up to 2000 V (upper limit reached by measurement apparatus), as shown in Figure 1(c).
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Figure 1: (a) ESD pulse magnitude in the reverse direction (normalized to the breakdown voltage) is plotted asa
function of doping for onset of degradation. (b) The circuit diagram of the filter used to suppress ESD shock, and
(c) the measured peak ESD pulse voltage for both positive and rever se directions when the ESD is applied
through the protection circuit.

3. Temperatureinduced failures

Metal diffusion into the semiconductor can degrade diode performance. High temperature, high electric fields or a
combination of the two can accelerate this process. A quantitative analysis of thermally activated failures can be done
by measuring time-to-failure (MTTF) for these devices at different elevated temperatures. The observed failure times
are plotted on an Arrhenius plot allowing one to extrapol ate mean-time-to-failure for any given operational temperature.

In earlier experiments, the activation energy of similar GaAs Schottky diodes was estimated to be between 0.6 and
1.2 eV [9]. Themission lifetime specification for HIFI is about 1500 operational hours at 120 K ambient temperature,
but with RF power the devices will be heated to higher temperatures. Thermal modeling (to be discussed below) shows
that the device will never experience temperatures above 350 K when operated at 120 K ambient. By conservatively as-
suming an activation energy of 0.5 eV, we can plot the required mission lifetime as a function of diode temperature.
Thisisshown in Figure 2. Multiplier diodes from the most recent batches to be used for HIFI were tested for times-to-
failure at 220 °C, 225 °C, and 250 °C. The failure criteriawere defined as achange relative to the pre-test value of more
than 15% of the ideality constant n, 20% of series resistance Rs, 20% of forward bias voltage (Vo) at +1 PA, or 50% of
reverse bias voltage (Ver) a —1 pA. Results from these long-term failure tests are plotted in Figure 2. Figure 2a shows
that the measured MTTF for JPL GaAs Schottky diodesis greater than five times the required mission lifetime. More-
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over, many testsdid not result in any failures even at 10 times the mission lifetime. Times tested for diodes without any
failures are shown in Figure 2b. However, it isimportant to state that these tests were done without the presence of any
DC or RF power and are thus more akin to measuring the shelf life of the diodes. To determine more realistic opera
tional MTTF times for these dodes it is important to determine the hottest point of the chip in the presence of RF
power.
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Figure 2: Results from lifetime tests of JPL diodes at 200C, 225C, and 250C. (left) Failuretime, (right) Survival time.

A simple model was used to predict the heating of the chip dueto RF[2]. Thismodel is based on the topology
of the diode chip and uses atemperature dependent thermal conductivity of GaAs, since GaAs devices are susceptible to
thermal runaway problems. A preliminary verification of the diode thermal model was done by mounting a varactor de-
vice in a open waveguide block, biasing with DC current that mimics RF induced heating and measuring the temperature
rise of the chip via arecently available infrared camera with a spatial resolution of 2.8 um (15x lens) [10]. This meas-
urement closely matched our predicted results based on the simple model.
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Figure 3: Schematic of one-half of a nominal 200 GHz doubler chip used for the thermal analysis. The predicted
temperature of the hottest anode on the chip is plotted as a function of input power. The multiplier is assumed to
be 25% efficient in converting the input power to the output power. It was assumed that the rest of the power isdis-
sipated equally by the six anodes on the chip.

Based on the ssmple model one can now determine the operational lifetime of the diodes based on the hottest
temperature point on the chip. For 150 mW of pump power the hottest anode temperature is determined to be 400 K
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when the block temperature is at room temperature. Thiswould indicate that the expected lifetime would be ~ 300 days.
However, when the block temperature is set to 120 K (operational temperature for HIFI) the expected temperature of
the hottest anode is only 177 K assuming 150 mW of input power. Thiswould indicate that the lifetime of the diodes
would bein excess of 1 million years, significantly higher than the mission lifetime.

Use of the MTTF given from the Arrhenius plot is helpful in increasing the confidence that one can place in thein-
tegrity of the device fabrication process. Process degradations such as lack of diffusion barriers, impurities, and infant
mortdity can be exposed by such experiments. However, accurate device thermal modeling is needed to determine the
actua device temperature and this should be used to extrapolate the MTTF for the given device.

4. DC current induced damage

DC current-voltage characteristics are the most widely used health check for Schottky diodes. However, it is often
not obvious what current maximums can be applied without fear of degradation. For each wafer lot, five devices were
selected for the forward current ramp test, and five additional devices for the reverse current ramp test. For each device
the |-V characteristic was measured before each incremental step in the current ramp. The current was iteratively in-
creased by 0.5 mA in forward and by 0.010 mA in reverse with a dwell time of 2 minutes. The test continued until a
catastrophic failure was detected. The failure was defined by a change of more than 50% on any of the DC parameters,
i.e., ideality factor m, series resistance Rs, turn-on or forward voltage V(1 pA), and reverse voltage V(-1 pA).

The current density resulting in diode failure in the forward direction is shown in Figure 4(a) as a function of dop-
ing. The dlowable current density increases drastically with doping. The measured maximum of the forward DC current
is limited by the diode’ s ability to dissipate heat. Bias conditions below these limits guarantee that the diode will not be
damaged. To be safe, the highest nominal current density in the forward bias direction was selected as 0.5 mA/pm?,
which is about one tenth of the value that resultsin damage. It isalso highly recommended that the |(V) curve of the di-
ode be measured in a pulsed mode to avoid the measurement being tainted by self heating.
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Figure 4: (left) The current density in the forward direction that results in device degradation is plotted as a func-
tion of doping. (right) The reverse current that results in degradation is plotted normalized with respect to diode
periphery. In both cases multiple data points are measured for each doping.

In the reverse direction, due to the high electric field it is expected that most of the current will pass through the
diode periphery rather than the diode area. This was confirmed by matching the actual measured reverse currents to a
current model that takes into consideration the current through the diode periphery. This phenomenon is also well
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documented for FET devices [11] and GaAs diodes [12]. The current per unit periphery for different dopingsis shown
in Figure 4(b). Thelarge variation in the measured diode indicates that the actual current through the anode perimeter is
very sensitive to microscopic variations in the anode/GaAs and passivation/GaAs interfaces. Even small amounts of
currents in the reverse direction can permanently ater the device I1(V). However, breakdown voltage is often quoted as
an important device characteristic and it is necessary to pass reverse current to measure this voltage. It has been shown
that the device I(V) is sensitive to both the magnitude as well as the duration of the reverse current [13], thusit isrec-
ommended to define the breskdown voltage for very small reverse currents (less than 0.01mA/um) and to not exces-
sively measure the breakdown voltage for agiven anode. This degradation is probably due to the presence of traps at the
GaAg/passivation interface. A calculated potentia profile for an anode under reverse bias shows high electric fields at
the edge that can cause energetic electronsto create traps at the interface. Impact ionization from electrons accelerated
in the high field produces high-energy holes and electrons that can also be trapped near the nitride/GaAs i nterface. Hole
trapping in this region will increase the field further, causing higher reverse currents.

5. RFinduced failures and the deter mi nation of the safe operating range

In order to understand failure modes associated with the application of RF power it isinstructional to visualize the
different RF induced currents and voltages present in a multiplier when it is being pumped. A harmonic balance simula
tion coupled with a 3-D electromagnetic simulator can be used to determine the various currents in a given multiplier.
An example is presented in Figure 5. A 200 GHz anode with a breakdown voltage of 10.4 V and 25 mW of input power
is assumed. The various currents in the diode, forward current peak (Ipeak fwd), reverse current peak (|Ipesk rev|), for-
ward average (lavg fwd) and reverse average (|lavg rev|) currents along with the calculated diode efficiency (%) are plot-
ted. Moreover, the reverse peak bias voltage (Vpeak rev) is also plotted. For high efficiency operation the calculated
reverse voltage peaks goproaches close to the breakdown voltage, resulting in alarge reverse current peak. While the
bias voltage and average bias current are measurable, there is no easy way of measuring the reverse and forward peak
currents. Simulations such as these are highly dependent on the circuit design and strongly frequency dependent. Mul-
tipliers can also be designed to be optimally biased further away from the breakdown voltage, but in order to obtain
higher output power; the design simulated in Figure 5 is more typical.

Determining the safe operating zone for a given multiplier boils down to finding the bias range where no significant
reverse current is present. The following procedure can be used to determine the safe operating range. A multiplier is
biased at areverse bias voltage and the coupled RF input power to the diodeis increased monotonically. When the
measured bias current indicates a value of —5 PA in the reverse direction the bias conditions and the coupled power are
recorded and the RF power is reduced to zero. The coupled power can be measured with a bi -directional waveguide cou-
pler. Next aslightly more positive bias voltage is selected and the input power is again increased slowly to determine
the coupled power and bias voltage for -5 A of current. This processis repeated for a number of biasvalues. Then the
bias voltage is plotted with respect to the square root of the coupled power. Such aplot isshown in Figure 6.

Thelinear like behavior of the coupled power with the bias voltage allows one to extrapolate the data. With
100 mW of coupled power the bias voltage is approximately —11 V. However, at this bias voltage the measured bias
current is-5 YA indicaing that the reverse bias current peak is probably closer to—50 pA. Such alarge reverse current
peak is not suitable for long-term operation since cumulative degradation has been shown for reverse constant current
stress [13, 14]. Thusthe recommended bias voltageis derated by approximately 25% to—8 V. Thisisalso closeto the
optimum biasvoltage. Thelimit of -8 V was set to ensure that the operation is within the safe bias range with power
levels up to 100 mW. This establishes the envelope of the maximum reverse bias voltage to eliminate risk due to the
large reverse peak current. Inthe forward direction the envelope is determined by the maximum current that can be sus-
tained by the diode with damage as di scussed earlier (approximately 0.5mA/um?). Thus, between these two boundary
conditions lies the safe operating zone of this particular multiplier.
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Figure5: Smulation of a 200 GHz doubler with 25 mW of input power (breakdown voltage is 10.4 V). Multiplier
efficiency and various currents through the diode are depicted.
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Figure6: Proposed procedure for determining the safe operating range of a 200 GHz doubler. The bias
voltageis plotted as the square of coupled power for -5 JA of reverse current.

CONCLUSION

A comprehensive reliability study of planar GaAs diodes with relatively high RF power capability has been con-
ducted. ESD, high temperature, DC, and RF induced failures have been investigated. It has been shown that failure risk
due to ESD, temperature, and DC currents can be substantially mitigated by proper engineering procedures. Failures
due to excessive RF induced currents are intimately related to the circuit design and the magnitude of the RF induced
peak reverse current is difficult to measure directly. A general procedure has been proposed that is based on monitor-
ing the bias current of the multiplier and then derating the bias voltage to reduce the reverse current through the anode.
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By following these guidelines one can ensure that the multiplier diodes operate in a safe zone where failure risks have
been reduced.
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