
A. K. Hagenlocher 
W. T. Chen 

Space-charge-limited  Current  Instabilities 
in  n+-Jc-n+  Silicon  Diodes 

Abstract: If the  strength of a pulsed  electric  field  of about 1 0 3  volts/cm  is  exceeded  in a nickel-doped 25,000 ohm-cm  T-type  silicon 
sample  with  n+  contacts, a transient  charge  distribution  is  established that leads to a current  instability.  When  the  critical  applied 
field is  reached a current-controlled  negative  resistance  is  observed.  The  sample  impedance  decreases by  several orders of magnitude, 
with a switching  time  in the  nanosecond  range, and microwave  oscillations  are  produced.  Below the  threshold a space-charge-limited 
current flows, and  voltage  profile  measurements  show the presence  of the expected  negative  space  charge  near the cathode. As the 
field  is  increased this  space  charge  extends  further into the sample. At the threshold the nickel  centers  become  ionized, and a positive 
space  charge  is  created  in the center of the sample.  This  non-equilibrium  distribution,  which  persists  for a period of 200 to 300 micro- 
seconds,  has  properties  similar  to  those of a gaseous  plasma. 

Introduction 
A long-lasting transient instability leading to  an S-shaped 
current-voltage characteristic is observed in high-resistivity 
nickel-doped p-type silicon preceding the steady-state 
space-charge-limited current  conditions. Whereas steady- 
state single- and double-carrier injection phenomena lead- 
ing to space- charge-limited currents (SCLC) were reported 
in t h e ~ r y " ~  and there is little theoretical 
understanding for  the various instabilities which may occur 
in  connection with SCLC. 

The instability observed in nickel-doped 25,000 ohm-cm 
silicon leads to a bistable condition which switches the 
sample at a threshold voltage from a high- to a low- 
impedance state. This effect occurs only if a two-carrier 
SCLC is present which is generated by injection into 
the contacts and by impact  ionization of the nickel atoms 
within the sample. Ghandi,  Mortenson  and Park" have 
demonstrated the capability of impact  ionization of 
nickel impurity centers in silicon; however, their device 
worked under ohmic  rather  than SCLC conditions, and 
their results are, therefore  in many aspects, different 
from  the  one reported here. 

Approach to the  problem 
Two n+ layers are used as contacts on  the n-type silicon. 
The  cathode is an injecting contact for electrons whereas 
the second contact has blocking properties at low field 
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strength. When the field is increased, the  anode operates 
under  punch-through  conditions and allows holes to 
enter the sample from  the  other side. The number of 
injected electron and holes is  not  the same in this  con- 
figuration; however, the cube  relation between current 
and voltage is observed which is typical for double in- 
jection, but  the current flow is considerably lower than 
for double  injection in an  n+-n-p+ diode. Higher  injection 
levels cause a negative current-controlled resistance 
regime. This is also observed for  an  n+-n-n+ structure 
at a threshold voltage of about 51X lo4 V/cm. This 
threshold  can  be lowered by at least one  order of mag- 
nitude in nickel-doped silicon by generating additional 
carriers within the bulk of the specimen. 

Preparation of the  specimen 
Lapped silicon slices of a resistivity of 45,000 ohm-cm 
p-type, 500p thick, are used'as starting material. Nickel 
is diffused into  the silicon from  both sides at temperatures 
ranging from 1050" to 1150°C over a period of 2 to 5 
hours. A slice is then polished to  the thickness required 
for  the sample;  this varied for  the experiments from 50 
to 250p. An n+-layer about 3pm deep (an electrode) is 
formed on both surfaces in an atmosphere of phosphorus 
oxychloride, argon  and oxygen at 1050°C. The slice 
is diced, wires are bonded to the contacts and  the  diode 
packaged. The  standard size used was 2000 X 2000 X 
125 pm. 

By the nickel doping the resistivity dropped  to 20,000- 
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Figure 1 Current versus voltage characteristic of a n+- 
m(Ni)-n+ silicon diode. 

25,000 ohm-cm. This  corresponds to  an nickel concen- 
tration of 10 '~ to 1014 per  cm3 for electrically active 
centers. But since nickel precipitates on dislocations 
where it is electrically inactive, the  actual nickel content 
should  be  approximately lo1' per cm3 according to 
Tokomaru.12 

Bistable  condition 
The n+-?r(Ni)-n+ diodes show  a negative current-con- 
trolled resistivity above  a  threshold voltage Vth. This 
phenomenon is represented by  a  bistable  condition in 
which the sample changes from a high- to a low-impedance 
state. Samples are reproducible if processed together 
and  the variation of threshold voltage with the contact 
distance is then nearly linear. On  the  other  hand, there 
is still no consistency in  the number of electrically active 
nickel atoms generated if different diffusion cycles are 
compared. This explains the variation of the threshold 
field strength from 800 to 6000 volts/cm on  the individual 
sample. The change from  the high- to  the low-impedance 
state may be a factor between 10' and lo4, but its mag- 
nitude  also  depends strongly on  the external circuit im- 
pedance. There  is no hysteresis observed between the 
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high- to  the low-impedance state  and vice versa is vary 
fast;  it is below the resolution time of the equipment, 
which is lo-' sec. To avoid heating of the diode, pulses 
of 5 to 250 psec duration were used for  the measurements. 
At  the beginning of a pulse there is a delay of 50 to 200 
nsec. Since this time agrees closely with the  transit time 
of the carriers, the delay time is believed to be  transit- 
time  originated. The S-shaped characteristic  can be 
observed properly  only if SCLC conditions are estab- 
lished preceding Vbh. Figure  1 shows the typical behavior 
of a  diode having a contact  distance of 125pm. At low 
fields the  diode follows Ohm's Law.  This region is suc- 
ceeded by a square  or near-square  relation with an in- 
creasing field strength, and shows that excess electrons 
are injected. The threshold voltage for  the  square de- 
pendence is only half of that predicted for  the single 
carrier majority space charge.13 However, it is several 
orders of magnitude too low for  the V 2  relation in  the 
case of double  injection with the  transit time still larger 
than  the dielectric relaxation time. If the current density 
J is expressed for a  sample of the length L at  the voltage 
v by 

J = AV2/L3, (1 ) 

the constant A is about 10"' [A-cm/V2] for  the n+-?r-n+ 
diodes, whereas it is four  orders of magnitude larger 
for the long samples reported  by Marsh, Mayer and 
Baron.I4 The length of their samples is large  compared 
with the ambipolar diffusion length. This is not  the case 
for  the diode used in this  study. The  p-relation  starts 
when punch-through  conditions are reached at  the anode. 
Further increase of the voltage multiplies the number 
of carriers and drives the specimen through  an unstable 
region into  the low-impedance state. It may be mentioned 
that  the sample is now very close to  the value that Lampert' 
predicts for double injection in  an insulator. In  order 
to obtain  the instabilities with a  fast switching time and 
no hysteresis, the cube  current versus voltage relation 
has to precede the S-shaped characteristic. The char- 
acteristic  above the bistable condition is much too de- 
pendent on  the impedance of the power source to give 
any explanation. 

The switching from  the high- to low-impedance state 
is not observed reproducibly in p+-?r(Ni)-p+ or p+-n(Ni)-n+ 
structures.  When it does occur, it  is  not  as well  defined 
as  in  the n+-?r(Ni)-n+ samples. 

Okazaki and Hiramatsu"  also found a square  and 
cube current-voltage relationship for their short samples 
of 0.15 mm length under SCLC conditions. 

Oscillations 
The instabilities above the threshold voltage lead to 
microwave oscillations if the  diode  is placed in a micro- 
wave circuit and biased above vth. Figure 2 shows the 
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diagram of the measuring equipment. The device is 
packaged in a 1N23 cartridge. The diodes are operated 
with pulses of 500 nsec in length and a  repetition rate 
of  100 Hz. For these experiments samples with a thresh- 
old voltage higher than  that shown in Fig. 1 were selected. 
A  typical frequency is 1.68 GHz  at  an  output power of 
2W, with an  efficiency  of 0.291, at 60 volts and 16.5 amperes. 
The heat  transfer from  the sample is poor  and  an arrange- 
ment for better cooling would probably  upgrade the 
efficiency. By using a  resonant cavity the frequency can 
be tuned over 307& Oscillations under SCLC conditions 
were reported by Holonyak, Kikuchi  and  other^.^^-'^ 
However, the frequencies are  in  the kilocycle or mega- 
cycle range. 

Voltage and charge profile 
Measurements on samples of different widths  indicate 
that a bulk effect is responsible for  the instabilities. The 
need for nickel doping over the whole sample supports 
this conclusion. This bulk- effect would mean that at a 
relatively uniform field distribution the field strength 
at  the threshold voltage would be very low compared 
with avalanche diode or Gunn oscillations. In  order to 
determine if there are  any localized high-field areas, the 
voltage profile of the silicon structures was measured. 
This experiment showed a long-lasting transient field 
and charge  distribution over a period of 200 to 300 psec 
until  a  distribution to the steady-state  condition was 
obtained.  During  this  time  large localized space charge 
can  generate high internal fields. 

The potential  distribution measurements were made 
by pressing a  probe  against the polished surface of the 
silicon; alloyed contacts were also used. Both methods 
showed a qualitative agreement, but  due  to  the relatively 
large part of the sample covered by an alloyed connection, 
the maximum potential values observed with a thin  probe 
were much higher than  on  an alloyed contact.  Figure 3 
shows the voltage profile of a  sample with V,, = 30 volts 
taken 10 psec after  the  start of a pulse. The curves should 
be considered as a  qualitative  picture since it was difficult 
to  obtain  an accurate measurement of position and 
voltage. Curve  A has  the lowest field strength applied 
and represents an  ohmic distribution.  After the voltage 
is increased to 10 volts (curve B), an accumulation of 
negative charges is seen at the  cathode caused by electron 
injection. This space  charge  makes the  area inside the 
sample close to the cathode more negative than  the 
cathode.  With increasing applied voltage the negative 
space charge extends further  into  the sample. When the 
threshold voltage is reached (curve D), the negative 
space charge covers 80% of the specimen. After the 
sample switches into  the low-impedance state (curve E), 
a sharp  drop in the voltage starts  at  the  anode,  but little 
change  occurs  compared with curve D over a large part 
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Figure 2 Nonresonant circuit for rf evaluation of test 
diode. 

Figure 3 Potential profile across a diode. 
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of the sample. These measurements show the existence 
of large  internal fields which, over parts of the sample, 
exceed and oppose the externally applied field. A similar 
appearance is reported by Bullis” for a gas plasma in 
a  thermionic converter. The excess charge density can 
be evaluated from Fig. 3 by applying Poisson’s equation 

__-  d 2 V  “ ( N  - P)e 
dx2 

- 
E 

where N a n d  P are  the  total negative and positive charge, 
mobile and fixed. The result is shown in Fig. 4 for  the 
two  most interesting cases, before and  after  the switching. 
At V,, an excess  of negative charge appears with a con- 
centration of about 1013 per cm3. There  are two peaks 
in the distribution, the larger lying close to the cathode. 535 
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Charge profile of a  sample  before and after the 
threshold voltage has been applied. 

In  the low-impedance state  an additional large accumu- 
lation of negative charges is observed close to  the anode, 
whereas in the center section positive charges are domi- 
nating. Therefore two junction-like transitions appear 
on both sides of the center of the sample. This is confirmed 
qualitively by Hall measurements which are also shown 
in Fig. 4. It  can therefore be concluded that mobile 
charges are largely responsible for  the profile. 

A simple experiment confirms that  the center section 
is the most critical part responsible for  the instabilities. 
A probe connected through a 10-megohm resistor to 
the  anode reduces V,, by 1 volt if pressed against the 
critical area, whereas no change is observed if contact 
is made to other  parts of the silicon. Using the Suhl 
effect together with different surface conditions, the 
effective lifetime can be reduced by a magnetic field. 
Since the V3 dependence of double injection SCLC is 
dependent on the lifetime, the current changes at constant 
voltage with the magnetic field. V,, is also influenced 
and  the oscillation can be augmented or quenched de- 
pending upon whether the carriers are driven by the 
magnetic field to a surface with larger or smaller surface 
recombination velocity. This experiment strongly suggests 
that  the instability is not caused by filament formation. 

536 

A. K. HAGENLOCHER AND W. T. CHEN 

Conclusions 
The instability in high-resistivity, nickel-doped siliccn 
is generatedIby a transient  distribution of space charges 
with a duration of 200 to 300 psec. During this period 
large internal electric fields form which  exceed the ex- 
ternally applied field. An injection of electrons and holes 
is required, but it appears that their  concentrations are 
not  equal as  in  the case of the common double-injection 
SCLC. The contact distance is of the same order of 
magnitude as  the ambipolar diffusion length; neverthe- 
less, the typical square  and cube current-voltage relations 
for  SCLC  are observed. There  is no evidence that a 
trapping mechanism is originated by the nickel atoms 
which has influence on  the  dc characteristic. 
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