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This report summarizes recent work on the development and application of an
algorithm for studying charge transport in low temperature gallium arsenide
(LT GaAs) buffer layers and their influence on device operation. During this
reporting period the drift and diffusion equations were modified to include
the transient dependence of electrons and holes for gallium arsenide. Calcu-
lations were performed for two-terminal, one and two-dimensional structures.
Studies with the one-dimensional structures focussed on the trap kinetics.
The two-dimensional studies represent a first attempt to examine the effects
of clusters on transport through the LT GaAs. The one-dimensional studies are
very briefly summarized, as the results were presented at the recent MRS
symposium on LT materials, and will appear in the conference proceedings.

A copy of the paper accompanies this report. The newer clustering results
are also included. We note that these latter results are very preliminary
and are included to indicate the future direction of our LT studies.
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Numerical Studies of Low Temperature Gallium Arsenide

Buffer Layers and Their Influence on Device Operation
Annual Report

Introduction

The focus of the program is the development and application of an
algorithm for studying charge transport in low temperature gallium arsenide (LT
GaAs) buffer layers and the influence of such layers on device operation. During
this reporting period the drift and diffusion equations were mod:fied to include the
transient trap dependence of electrons and holes for gallium arsenide. Calculations
were performed for two terminal, one and two dimensional structures. Studies with
the one dimensio- 1 structures focussed on the trap kinetic. The two dimensional
studies represent a first attempt to examine the effects of clusters on transport
through the LT GaAs.

The one dimensional studies are very briefly summarized, as the results
were presented at the recent MRS symposium on LT materials, and will appear in
the conference proceedings. A copy of the paper accompanies this report. The
newer clustering results are also included. We note that these results are very
preliminary and are included to indicate the future direction of our LT studies.

One Dimensional, Two-Terminal Studies

The device studied was a three micron N +(LT)N *+ structure with N+
regions characterized by shallow donors at 107/cm3. The LT region was
characterized by a single level of acceptor traps of density P, located 0.3 ev above
the valence band, and a single level of donor traps N located at 0.83 ev below the
conduction band. The results were placed in two categories: (a) Highly resistive LT
regions (> 106 ohm - ¢cm) with very low current levels and sudden breakdown, and
(b) higher current levels with gradual breakdown.

The high resistivity results generally occurred for donor concentrations in
excess of acceptor concentrations, with the ionized donor and acceptor traps

sustaining approximate compensation. The presence of acceptor traps in the LT o
region and at the boundary of the LT/N + cladding regions, results in the presence e e
of PN junction-type behavior, and a local high value of electric field. Breakdown
originates at this interface. The details of these results are contained in the attached =~ 1
paper. ; Codes
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Two Dimensional, Two-Terminal Studies

The device studied was a three micron N+ (LT)N * structure with N+
regions characterized by shallow donors at 1018/cm3, The N+ regions were heavily
doped to provide highly conductive contacts to the LT region. The LT region was
made up of clusters of traps. Experimental estimates of the cluster radius are 3nm,
with a cluster density of 1017/cm3,

The initial simulations did not attempt to simulate the experimental size
of the actual cluster configuration. Rather, an attempt was made to determine
whether clusters could be studied, and what their properties were. If success could
be achieved with simulating the presence of cluster, the structure and the mesh
would be modified to simulate realistic structure configuration. Thus the simulated
cluster dominated structure was scaled up to a radius of 50nm, which is an order of
magnitude larger than the experimental estimates of cluster radius.

Simulations were carried out for bias levels of 1.0, 5.0 and 20.0 volts.
The 5.0 volt results are displayed below. It was determined that at low bias levels
electrons are injected into the LT region where they are captured by the deep
acceptor traps. As the acceptor traps become ionized, the current level, which was
very small, shows a further reduction as the ionized acceptor clusters show local
spherical Schottky-type behavior. That is, local regions of charge depletion surround
the clusters and tend to prevent the passage of charge transport and current to flow.
Once the traps within the clusters were ionized the LT region became highly
insulating.

Avalanche breakdown effects were not included in the present
simulations. However, previous experience with the one dimensional LT structures
indicates that if the bias is sufficiently high the device will breakdown. We cannot
predict, at this point whether breakdown in the presence of clusters will occur at
higher or lower bias levels.

Figure 1 displays the distribution of ionized acceptors in the N*LTN+
structure at a bias of 5 volts. The clusters closest to the cathode were the first to be
ionized. Note that the ionization is greatest at the center of the cluster.

Figure 2 displays the distribution of electrons at this same bias level. The
electrons are locally absent from the cluster regions.

Figure 3 displays the potential contours in the structure. While the
choice of contour values does not reflect the presence of the depletion regions
surrounding the centers of the clusters, the two dimensional nature of the potential
distribution is apparent from the ’potential dimple’ in the vicinity of the anode.

Figure 4 displays current streamlines in the structure. The circuitous
path of current flow is one signature of clustering. In particular, notice the cathode
region, where the current path is effectively blocked by the two cathode region
clusters. Similarly, the anode region also displays an area that is effectively devoid of




current flow. It must be remarked at this point that the presence of such an unusual
structure for current flow implies that resistance measurements may not provide a
true estimate of the resistivity of the structure, as local regions of low resistance may
be surrounded by other regions of high resistance. The mean current density at this
~ bias level was less than 160A/cm2.
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Figure 1. Distribution of ionized acceptors in the structure at a five volt bias. Contour
values are evenly spaced, with’I’= 6E17 and 9’ = 0.0.
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Figure 2. Distribution of electrons in the structure at a five volt bias.
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Figure 3. Potential contours in the structure at a five volt bias. Contour values are
evenly spaced, with a 0.265 volt increment.
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Figure 4. Distribution of current streamlines showing current paths around acceptor
clusters.

Future Studies

Future studies will include a more complete analysis of the trap kinetics
coupled to multiple trap levels. Detailed cluster calculations will be performed in
consultation with workers at IBM. This aspect of the problem has been established.
While some effort has been undertaken to examine three-terminal structures with
LT layers, no results of any significance have emerged. These studies will be
undertaken in earnest during the second year of the study.




INSULATING AND BREAKDOWN CHARACTERISTICS
OF LOW TEMPERATURE GaAs

H. L. Grubin, J. P. Kreskovsky and R. Levy
Gastoquy,Conneeﬁanm

ABSTRACT
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v above the valence band. The results show characteristics seasitive to tho relative deasitios of the traps. In”
particular, high acceptor trap / low donor trap conccatrations geacrally resukt in low breakdown voltages,
whereas high acoeptor / high donor conceatrations result ia higher breakdowa voltages.

INTRODUCTION
Thepurposeottlﬂsdiseuslonlstobde&mmﬂumeentalaﬂaﬁmotﬁe
electrical characteristics of low temperature growth GaAs (LT GaAs). The device
studied was a three micron N(LT)N structure with N regions characterized by shallow
donors at 102 */cm®; and an LT reglon characterized by a single level of acceptor traps
«mr,mos«mmmwmmammofmm
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mremlumphoadhmm Highly resistive LT regions (> 10* ohm-cm)

with (a) Jow current levels and sudden breakdown, and (b) higher current levels with.

gradual breakdown. Breakdown characteristics depend upon the magnitude and
distribution of the field. For high acceptor / low donor trap concentrations the fields is

near zero in the LT region and approaches breakdown values at the anode (LT)N

interface; for other combinations the field profile is complex. The study suggests that

breakdown voltages will depend upon growth and processing temperatures of LT GaAs.

THE GOVERNING EQUATIONS :
mwmmwaxmmmwmmm

(M e div(yfe) =G+ {caglagNg g *1+cayfn Py =P,

@  pt+dinye) =G+ {cpalpePa™- 9Py 1 +epdlpaly —pN( T}

Q) P [St=—orP,~ + 3P0

@ INg*Pt=—oNgt +eNg

Superscripts denote jonized and neutral acceptors and donors; particle currents are:

(®) ja=—clav—Dygrada] " jpmelpry—Dysradol

and diffusivities are governed by the Binstein relation. Avalanche gencration [2] is:
©  G=afeop—(bo/IF)™ligle + aylep—y/ IFD™liplle |

-and the emissivity coefficicnts e1..eq are: '
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M eqmepmg+ppd . ©2%Cpaly +Plpa
€3%CpaPy +0Cpae €4=SpdPd +ud

Cnd» Cpa» Ste., are capture cocfficients [3]; ng, p4, ctc., are obtained at equilibrium. The
-above equations are coupled through Poisson’s equation, which in terms of energy is:

® V2E=—{c?/c){(n~p)-Ng*—P, )]
The energy and potential are related, B=—e¢; the ficld in equation (6) is F=—v¢.

THE RESULTS
All calculations were for the figure 1 shallow doping distribution, with the results.

Low Bias Results: Resistivitics and compensation estimates were obtained at low bias
levels from the density distributions within the interior of the LT region. At a bias of 1.0
volts the results are similar to those at zero bias. As seen in table 1, the resistivities
exceed 10¢ ohm-cm for donor traps at 101 ¢, and acceptor traps between 1027
and 10t 8. The positions of the equilibrium Fermi level (above the valence band) for
Ng=101¢, and N, =(10 ¢, 101 ¥, 10* ¢) are Bg(ev) =(0.69,0.63,045), respectively. For-
Ng=10°, and Ny=10*¢, B¢ =0.63¢cv. The designation p’ identifics the region as
p-type, with the mobility dominated by holes. Table 2 displays the ionization of the traps
at LOv. The results indicate that within the insulating LT region Pg~~Ny +. *

o
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Figure 1. Shallow donor concentration of the N(LT)N structure.
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Table 1. Resistivities (ohm-cm) of the LT regionat 1.0 v.
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Table 2. Approximate compensation conditions in LT regionat 1.0 v.
|
Finite and High Bias, Ng=0: Bg is significantly below midgap. The results for:() Py
varying from 10% ¢/cm?® to 10%¢/cm®, and (i) Py > 10° ¢/cm®, are distinctly different.
For P4 varying from 10* ¢/cm® to 10* * fem®, and at low voltage, charge neutrality within
the LT region means p~Pqy™; and n is negligible. At elevated bias levels electrons are
injected into the LT region and trapped by the acceptors. At sufficiently high bias, with
the acceptor traps filled there is a significant increase in n, and a significant current
increase. The electric ficld profile increases nearly linearly with distance. Further
increases in bias result in avalanche muitiplication. For larger Py, higher biss is required
to fill the acceptors, but the field profile within the structure is still linear. The relevant
profiles for this calculation at a bias prior to breakdown are shown in figure 2, for
Py=10t¢/cm®. For Py > 10%*/cm*, the kinetics is primarily that of holes within the
valence band and the ionized deep acceptors, whose concentration is approximately two
orders of magnitude below the total trap deasity. There is near.charge neutrality within
the LT region except at the downstream (LT)N interface where a high concentration of
ionized acceptor traps forms, with a reduction of mobile holes. There is also a zone
depleted of electrons within the heavily doped N region. One observes the formation of
a pn junction region ss & result of the trap dynamics, with the generstion of a Jocal high
value of electric field. As a result avalanching occurs at lower values of voltage, than for
the lower P, study. The high Py study is displayed in figure 3.

The situation for Ng»0 is qualitatively differeat, although there are osteasible
similarities. For example with Ng=10* "/cm®* and Py=10!*/cm?® the field profile is
qualitatively similar to figure 3. The difference is that the acceptor ionization is
‘sccompanied by jonized deep donors, as soea in figure 4. The breakdown characteristics
are similar to the Ngy=0 study. The situation whea Ng=Pq=10**/cm?*, displays
characteristics that appear as & hybrid of the calculations of figures 2 and 3. At voltages
up to and near 20 volts the field distribution is qualitatively similar to that of figure 3,
although the peak field is approximately 60 kvicm less. Further bias increases result in
modest changes in the n and p profiles within the LT region, but an increasing share of
the voltage drop across the LT region. Breakdown occurs at much higher voltage levels.
The current voltage characteristics for a select set of trap densities are displayed in figure
4. The trap density dependence of breakdown is shown i table 3.
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Figure 2c. Potential and electric field distrintionat 45 v. -
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Figure 3. (a) Total and ionized trap distribution at 21v. (3b). Distribution of n.and p.
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Figure 3c. Potential and electric field distribution at 21 v.
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Table 3. Breakdown voliages for different densities of traps.
L. 3
SUMMARY

The conclusion of this study is that the electrical characteristics of N(LT)N structures are
dependent in a very sensitive way on the distribution of traps. The calculations strongly
suggest that for N(LT)N structures, the low voltage and high voltage electrical
characteristics may provide a signature of the relative deasity of donor and acceptor
traps. Of particular importance is the development of pn [4] junction behavior and low
breakdown voltages for acceptor trap dominated material. It is anticipated that the

details of the results will depend upon the doping levels of the shallow cladding regions;
preliminary studies, however, do not reveal significant qualitative dependencies.
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