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New  Infrared  Detector  on a Silicon Chip 
SERGE  LURYI, MEMBER, IEEE,  ALEXANDER  KASTALSKY, AND JOHN C. BEAN, MEMBER, IEEE 

AbJtract-We report a single-crystal Si-Ge structure which works  as 
an  efficient  photodetector in the wavelength region  of up to 1.5 pm. 
The multilevel structure is grown by molecular-beam epitaxy on an n- 
type 3-in silicon substrate  and consists  of the following layers: n’silicon 
(1000 A), n+Ge,Sil -x  alloy (1800 A, graded in  ten  steps  from x = 0 to 
x = l), n+ germanium (1.25 pm), undoped germanium (2.0 pm), and  p+ 
getrnanium (2500 A). Top  three layers form a germanium p-i-n diode, 
which is removed from  the Ge-Si interface  by a  buffer  layer of high 
conductivity. An advantage of this structure is that  its  performance is 
insensitive to material defects  in  the  buffer layers. Moreover, transmis- 
sion electron  microscopy  shows that  the  density of dislocations  intro- 
duced  by  lattice mismatch at   the Ge-Si interface falls off with  the 
separation  from  the interface. Our first  experimental structures do 
exhibit  the characteristics of a  germanium pi-n diode. The spectral 
response curves agree  with those given in the  literature  for germanium, 
both  at  room  and liquid  nitrogen  temperatures. For  the  incident light 
wavelength of 1.45 pm we have measured  a quantum efficiency of 4 1  
percent at  T =  300 K. We believe that  our  approach  opens  an  attractive 
possibility of fabricating complete infrared optoelectronic  systems on 
a silicon chip. 

I. INTRODUCTION 

A S IS WELL KNOWN, the  celebrated silicon technology 
has  not been  able to  produce  an  on-chip infrared photo- 

detector  for long-wavelength fiber-optics  communications. 
The obvious difficulty lies in the  fact  that silicon band gap EG 
is wider than  the  photon energy  in the range of fiber  transpar- 
ency (1.3-1.5 pm).  Attempts have been made to overcome 
this  difficulty  by using Schottky-barrier  structures  with  photo- 
excitation  of carriers from  metal  (or silicide) into silicon [ l ]  . 
The  threshold  for  such a photoeffect is determined by the 
Schottky-barrier height and can easily match  the  required 
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infrared range;  however, the  quantum efficiency of absorption 
in  such  structures, is usually low. So far,  the  only practical 
way of employing  silicon technology  for  fiber-optics  commu- 
nications has  been to combine silicon integrated  circuits  with 
germanium or InGaAsP detectors  on a  separate chip. 

In  this paper we propose  another  approach to  this  problem 
which  employs germanium p-i-n diode grown on  conducting 
silicon substrate by  molecular-beam epitaxy (A4BE). It is well 
known  that germanium  does grow on silicon as a single crystal 
[ 2 ] .  However, the large lattice  mismatch (4 percent)  between 
the  two materials usually results in a  high density of disloca- 
tions  at  the  interface, which adversely affects  the  p-n  junction 
properties (causing leakage,  carrier trapping, etc.). To minimize 
the  effect of dislocations, we have moved the active detector 
structure away from  the  interface by  inserting  a highly doped 
germanium buffer  layer  of  the same conductivity  type as that 
in  the  underlying silicon substrate. I s  order to avoid possible 
series resistance and  trapping  due to heterojunction spikes at 
the  interface,  the  transition  between silicon and germanium is 
made graded rather  than  abrupt.  The resulting structure can 
be expected  to possess the electrical and  optical characteristics 
of  an  ordinary germaniun p-i-n diode. In  order to satisfy the 
requirements of both speed and efficiency, we must use direct 
optical  transitions in germanium (hu 2 0.8 eV). For these 
transitions  the  absorption  coefficient is of the  order  of lo4 
cm-’ , which  corresponds to an effective absorption  length of 
% 1 Mm and  an intrinsic  delay of about 10 ps. 

11. EXPERIMENTAL 

The  multilayer Ge-Si structure used in our  experiments  and 
its band diagram are shown schematically  in Fig. 1. We have 
grown two  structures  1)  and 2 ) ,  which were identical  in every 
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Fig. 1. The multilayer Ge-Si structure  and its  schematic band diagram. 

respect except  for  the thickness W of the germanium  buffer 
layer: W 1  = 1.25 pm,  and W ,  = 0.3 pm, and a third  structure 
complementary to 2), i.e., germanium n-i-p diode  on a p-Si 
substrate. 

The  band diagram shown  in Fig. 1 was drawn  on  the assump- 
tion  of a discontinuity in the valence band  of 0.17 eV [3] , 
based on  the results of photoemission measurements.  This 
implies  a conduction  band  discontinuity of M 0.023 eV at each 
step  in  the Ge,Sil-, graded layer. On the  other  hand, if we 
used the  electron  affinity data [4]  for  the  heterojunction 
lineup,  the  total  conduction  band  discontinuity betwc:en Si 
and Ge would be only 0.05 eV.’  In  either case, for  the c.oping 
level N~ - lo1’ cm-3 we can expect  no series resilrtance 
associated with spikes in  the  conduction  band. Electron-hole 
pairs generated by light  in the active i-(undoped) layer of 
germanium,  are  separated by  the built-in electric field si3 that 
electrons are collected in silicon. In  the  structure  of cc’mple- 
mentary  polarity, holes  were the carriers collected in silicon. 

These structures were grown by MBE on Wacker (100) n- 
type  3-in wafers of 0.5-3.0 !2 * cm resistivity (phosphorus). 
Prior to MBE processing the wafer front side was protecied  by 
a  grown oxide,  the backside  polished and  phosphorus diffused. 
Immediately  before MBE growth  the  oxide was stripped  and 
the wafer  chemically  cleaned.  Details of the MBE apparatus 
and processing are published elsewhere [2] ,   [5] .  Briafly, 
wafers are cleaned in situ by  argon ion  sputtering followejd by 
an 800”-1000°C anneal.  Silicon  and  germanium are .then 
evaporated  from separate  e-beam deposition sources o n x  the 
wafer at vacuum  pressuresQ5 X lo-’ torr.  The e-beam  sources 
were  charged with pieces of  polycrystdline Wacker silicon and 
Varian  germanium. The Si and Ge poly resistivities were spec- 
ified as >lo00 52. cm  and >SO !2 * cm, respectively. The 
initial silicon layer was grown at 75OoC and all other layers 
were  grown at  550°C. Heavily doped layers  were grow.3 at  a 
rate  of 2 A/s, and  the  other layers at a rate of 5 A/s. Dopants 
were introduced during growth  by  simultaneous low-energy 
ion  implantation  of As: or BF:. Following MBE growth, 
wafers  were fabricated  into diodes  by  means of conventional 
UV  lithography  and  wet chemical  etching. 

Fig. 2. Detector configurations.  (a) Diodes processed for backside 
illumination. Circular holes in aluminum a e  aligned with the mesa 
dots; diameter D = 50, 100, 150, and 200 prn, respectively. (b) 
Diodes processed for  frontside illumination. 

The Ge-Si diodes  were processed in two ways: a) for back 
side illumination,  and b) for  front side illumination.  In  both 
cases the backside contact  (to silicon) was made  by phosphorus 
diffusion  and aluminum  metallization. We used silicon wafers 
polished on  both sides. In case a)  the  optical windows at  the 
back  were aligned with  metal  dots  on  the  top  of  the mesas (Fig. 
2(a)) by using an infrared microscope. In case b) the  contact 
to p:germanium was made in  a “pop  top” configuration 
(Fig. 2(b)), which leaves a large area of the diode exposed to  
illumination. 

Transmission electron micrograph (TEM) of the  structure’, 
shown in Fig. 3(a), clearly resolves the nine  200-A-thick  layers 
of graded Ge-Si. Dark spots  in germanium (above the graded 
layers) represent  the fields of strain and dislocations. Analysis 
of the TEM data shows that  the  density  of dislocations  rapidly 
decays with  separation  from  the  interface. However,  as seen 
from Fig. 3(b),  an appreciable number  of  threading dislocations 
persist even at distances of order 1 p into germanium. 
Alternate Ge-Si grading schemes  are being investigated. 

Fig. 4  shows the  typical diode I-V characteristics, taken  at 
room  temperature (Fig. 4(a)) and 77 K (Fig. 4(b)). These 
characteristics were uniform over the wafer, and scaled with 
the  diode area. Characteristics of diodes processed for  back- 
side and  frontside  illumination were nearly  identical. At room 
temperature, we observe a substantial reverse-bias leakage 
(Fig. 4(a)) which is linear in voltage. For reverse biases up  to 
several volts, we found a specific resistance (dV/dI )  X area = 
5 !2. cm’. The  fact  that  the reverse current scales with  the 
area indicates that  it is not  controlled  by a  surface  leakage. We 
found  no change in the I-V curves for  structures 1) and 2) 
with  different thicknesses of the n+-Ge  buffer layer, viz., 0.3 
and 1.25 pm. As the  temperature is lowered,  the reverse leak- 
age drops  dramatically, Fig. 4(b). However, even at 77 K, the 
leakage is substantial  at reverse biases above 3 V. When the 

‘The TEM data were taken  for us by T. T. Sheng. 
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(b) 
Fig. 3. Transmission electron micrograph  of  the structure cross section. 

(a) Magnification 150 000. (b) Magnification 60 000. 

applied voltage exceeds 7 V, the  current is controlled by  a 
series resistance due  to  the silicon substrate, Fig. 4(c). Detailed 
analysis of  the voltage and  temperature  dependences  of  the 
reverse current characteristics, as well as capacitance-voltage 
characteristics, is presented in Section 111. 

Optical measurements have demonstrated  that  photocurrents 
in  our  detector result from  absorption  in germanium  p-i-n 
junction. Fig. 5 shows the  photoresponse versus the wave- 
length A of incident  light, measured at 300 and 77 K, respec- 
tively. The  photocurrent  threshold, as well as its  shift  with  the 
temperature, agree with  the well-known absorption  data  for 
germanium (see, for  example,  [6]).  One can see the  transition 
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Fig. 4. Current-voltage characteristics. (a) T = 300 K. (b) T = 77 K. 
(c) T =  77 K, reverse bias only;  note  that  the curve-tracer picture  is 
inverted  compared to  (b)  and the origin shifted by 1 V and 100 PA. 
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Fig. 5. Photoresponse  spectra at 300 and 77 K. 

from  indirect to direct absorption which occurs  with increasing 
photon energy at h = 1.45 pm (77 K) and X = X .59  pm (300 IC). 
The  data  shown  in Fig. 5  were not  corrected  for  the spectral 
variation of  incident  optical power (tungsten source). How- 
ever, we compared  the response of our  detector  with  that of 
a  commercially available germanium detector  (Judson Infrared 
Inc., model 5-16-8) at h = 1.3 pm for T = 7'7 K and A = 1.45 
pm for T = 300 K. The measured quantum efficiency r] was 
found  to be approximately 40 percent at both  temperatures, 
which was nearly identical  to  that  of  the precalibrated detec- 
tor  (neither  detector  had  an  antireflection coating).  This  high 
value of Q was obtained  in  the  photovoltaic  mode, Le., with  no 



external bias applied.  Similar  results were obtained  with  a 
complementary  structure (n-i-p  germanium diode grow:? on p- 
type silicon substrate); however,  this structure  had  an  order of 
magnitude higher reverse leakage at room  temperature. When 
we used sample 2 (narrow buffer layer), we obtainedvery close 
results with  both  front  and backside illumination.  [n  this 
sample, using IOO-EU~ dot backside  illuminated with  incident 
power of 1.5 X W/cm2 at h = 1.288 pm, we measured a 
photocurrent I =  5 X IO-* .A. On the  other  hand,  when we 
used sample 1, only front-side  illuminated  diodes were Iight- 
sensitive. In  the backside  illumination  arrangement most  of 
the  incident  infrared  radiation was, evidently,  filtered  away by 
the  1.25-pm-thick  buffer layer. 

111. ELECTRICAL CHARACTERIZATION OF THE JUNCTION 

In  order  to  further characterize  electric properties  of  our 
p-i-n junction  and’ ascertain the orgin of  the high ob,served 
reverse-bias leakage, we carried out  a  number  of capacitance- 
and current-voltage measurements  at  different tempers  tures. 
Because of  the high leakage  at  room temperature, C-V charac- 
teristics were taken  at  77 K only. At  zero  applied  bias, the 
measured value of  the capacitance was C= 5.8 pF for  a diode 
of area A = 3.14 X cm2. This  corresponds to a  depletion 
layer  thickness of about 0.8 pm. Fig. 6 presents  a  plot  of 
(A/C)f as function of the applied voltage. The slope of  this 
curve determines fixed  charge concentration near the  depleted 
layer  boundary.  In  contrast  to  the case of  a p-n junctio:l  uni- 
formly  doped  on each  side, the  intercept  with  the voltage axis 
does not  determine  the built-in potential Vbj .  For  an ideal  p-i-n 
diode one  has 
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Fig. 6. Capacitancevoltage  characteristics  at  77 K. Device area A = 
3.14 X lo4 cm2. We plot @/Q2 versus V. Slope 1 cor_Sesponds to 
N = 4.2 X lo’’ ~ m - ~ ;  Slope  2  gives N = 9.3 X lo’’ cm . At zero 
bias C/A = 1.8 X lo4 pF/cm2. 
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where N is the  density  of fixed charge at  one of the bounciaries 
of  the  depletion  layer, d the i-layer thickness,  and E the d:elec- 
tric  permittivity. As seen from Fig. 6, the space-charge con- 
centration in the nominally  “intrinsic”’ region of  our p-i-n 
diode is spatially nonuniform  and varies from - 4 X IO” 
cm-3 at zero bias to - 9 X IO” cm-3 at high reverse biases. 
If we assume these values for  the  dopant  concentration  and 
calculate the  depleted layer  thickness and  the  junction capaci- 
tance at  zero  bias, we find values close to  the above quoted 
measured results. The  extent of the active region in our diode 
is thus  determined  not by the thickness of  the  undoped  “i” 
layer (= 2 pm), but  rather  by  the  depletion  length  correspond- 
ing to  the  impurity’concentration in that  layer.  The  type (p  or  
n) of this unintentional  dopant is uncertain. 

Fig. 7 shows the reverse-bias characteristics at  77 K .  It 
exhibits  a  strong (nearly exponential) voltage dependmce. 
This is in contrast  to  the  room  temperature leakage (Fig. 4(a)) 
which  has ohmic behavior in a wide range of applied reverse 
voltage. If we plot log Z versus ( V  + Vbi)1’4, where Vbf is taken 
equal  0.73  V,  which is the bandgap of Ge at  77 K, we obtilin a 
straight  line over four  orders  of  magnitude,  c.f., Fig. 7. Such  a 
dependence suggests that we are dealing with  hopping  conduc- 
tion over deep-level traps in the p-n junction region of  Ge, 
activated  by the electric field E. This  mechanism of conduc- 
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Fig. 7. Reverse-bias  characteristics  at 77 K. Device area A = 7.85 X 
cm2. We plot  log Z versus ( V +  Vbi)lI4 with  eVbi  taken  equal 

0.73  eV (Ge bandgap at 77 K). 

tion,  known as Poole-Frenkel effect, gives [7] log Za Ell2. It 
can explain the curve  in Fig. 7(b), since in a  p-n  junction  one 
has E a (V  t Vbi )1 /2 .  

Temperature variation of the reverse current (Fig. 8) has a 
strong dependence on  the applied bias V. for V 5  0.1 V  the 
log I versus l / kT  curves show one  activation  energy, 0.31 eV. 
On the  other  hand, curves corresponding  to higher V seem to 
possess two  different slopes: one  equal 0.31 eV at high tem- 
peratures  and  another, voltage-dependent slope at T 5 200 K. 
This suggests the existence of two  distinct  mechanisms of 
conduction.  In  our view, the mechanism operating  at low 
temperatures is the above mentioned Poole-Frenkel process. 
In this case the measured  slope corresponds  to  the  trap ioniza- 
tion energy  lowered  by the electric field. The  high-temperature 
behavior may be also explained  by hopping  conduction over 
traps in  the field region;  in  this case the 0.3 I-eV slope  would 
correspond to  the energy necessary for carrier  activation into 
traps  at  one  of  the boundaries of  the field region. Another 
possible explanation involves threading  dislocations,  which  at 
high temperatures provide  carriers for band conduction  with 
the activation  energy of = 0.3 eV [8].  We are unable to dis- 
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Note Added in Proof: Two-hour, 65O0-7OO0C annealing of 
the  present  structure  has  reduced parasitic leakage currents  by 
about a factor of 4. Recent  experiments employing alternate 
grading schemes produced a further  improvement, bringing 
leakage down  to - 1/20 of  the levels reported in this  paper. 
These  results will be  reported in  full in a subsequent  publication. 
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Design of GaAs 1 k Bit  Static RAM 

Abstract-A l k  bit GaAs static RAM with E/D DCFL was designed and 
successfully fabricated  by SAINT. A bit  line pull-up was introduced to 
the design to make higher operation speed by 25 percent  and reduce 
cell array power  consumption  by 50 percent. The RAM circuit was op- 
timized in the  points of a speed, a power,  and an operating margin. A 
minimum  address access time  of 1.5 ns was measured for a total  power 
dissipation of 369 mW. This performance is the  best achieved so far, 
for practical  application in cache or buffer memories. 
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I. INTRODUCTION 

F OR A LONG TIME high-speed and low  power IC memories 
have been expected  to be applied for cache dr buffer mem- 

ories in high-speed computers and  high  bit rate digital com- 
munication systems. The GaAs direct-coupled  FET logic 
(DCFL) has  the essential requirements  of low power  consump- 
tion, high-speed, and high  packing density,  for LSI’s. The  first 
GaAs 16-bit RAM adopting  an  E/D  DCFL  has already  been re- 
ported [ 11. Another  approach using LPFL has  resulted in a 
high-speed 8-bit RAM which, however,  has quite high  power 
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