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STAIRCASE AVALANCHE PHOTODIODE indirect bandgaps , small conduction band offsets relative to 
WITH A STAIRCASE MULTIPLICATION the smallest achievable bandgap and large valence band 
REGION COMPOSED OF AN AIINASSB offsets . 

ALLOY 
SUMMARY 

GOVERNMENT INTERESTS 
In one embodiment of the present invention , a photodiode 

This invention was made with government support under comprises an avalanche multiplication region , where the 
Grant Nos . W911NF - 10 - 1 - 0391 and W911NF - 12 - 1 - 0428 avalanche multiplication region comprises a graded alumi 
awarded by the Army Research Office . The U . S . government 10 num indium arsenide antimonide ( AlInAsSb ) alloy grown 
has certain rights in the invention . lattice - matched or psuedomorphically strained on either 

indium arsenide ( InAs ) or gallium antimonide ( GaSb ) , 
TECHNICAL FIELD where the graded avalanche multiplication region comprises 

multiple steps in which a bandgap is varied from small to 
The present invention relates generally to avalanche pho pho . 15 large and vice - versa . The photodiode further comprises a 

todiodes , and more particularly to a staircase avalanche photoabsorption layer for absorbing photons . 
The foregoing has outlined rather generally the features photodiode with a staircase multiplication region composed 

and technical advantages of one or more embodiments of the of an aluminum indium arsenide antimonide ( AlInAsSb ) present invention in order that the detailed description of the alloy . 20 present invention that follows may be better understood . 
Additional features and advantages of the present invention BACKGROUND will be described hereinafter , which may form the subject of 
the claims of the present invention . An avalanche photodiode ( APD ) is a highly sensitive 

semiconductor electronic device that exploits the photoelec - 25 BRIEF DESCRIPTION OF THE DRAWINGS 
tric effect to convert light to electricity . APDs can be thought 
of as photodetectors that provide a built - in first stage of gain A better understanding of the present invention can be 
through avalanche multiplication . From a functional stand - obtained when the following detailed description is consid 
point , they can be regarded as the semiconductor analog to e red in conjunction with the following drawings , in which : 
photomultipliers . By applying a high reverse bias voltage 30 FIGS . 1A - 1B illustrate the band structure diagrams of a 
( typically 100 - 200 V in silicon ) , APDs show an internal two - step staircase avalanche photodiode at zero bias and 
current gain effect ( often around 100x ) due to impact under reverse bias , respectively , in accordance with an 
ionization ( avalanche effect ) . embodiment of the present invention ; 

The internal gain of APDs can provide higher sensitivity FIG . 2 illustrates a schematic cross section of the com 
than p - i - n photodiodes , which is beneficial for many optical 35 positionally - graded AlIn1 - xAs , Sb1 - v staircase avalanche 
communication and sensing applications . However , as dis - communication and sensing applications . However as dis - photodiode photodiode in accordance with an embodiment of the pres 
cussed above , the origin of the APD gain is impact ioniza ent invention ; 
tion , a stochastic process that results in excess noise and FIG . 3 provides a more detailed illustration of the layers 
limits the gain - bandwidth product . The noise power spectral of a single - step instance of the staircase avalanche photo 

40 diode of FIG . 2 in accordance with an embodiment of the density of an APD , O , is given by the expression present invention ; p = 2q . I . M : F ( M ) - R ( W ) where q is the charge on an electron , FIG . 4 illustrates the result of the Monte Carlo simulation 
I is the current , M is the avalanche gain , F ( M ) is the excess of the band diagram and impact ionization distribution for a 
noise factor caused by the random nature of the multiplica - bias of - 1 volts in accordance with an embodiment of the 
tion process , and R ( w ) is the device impedance . For the past 45 present invention : 
four decades , reducing the excess noise factor , F ( M ) , has FIG . 5 illustrates the photo current - voltage and respon 
been a focus of APD research and development . One struc - sivity - voltage characteristics of a 100 um diameter mesa 
ture that was proposed to achieve very low noise is referred staircase avalanche photodiode in accordance with an 
to as the " staircase APD . ” The band structure diagrams of a embodiment of the present invention ; 
two - step staircase avalanche photodiode at zero bias and 50 FIG . 6A illustrates the noise power normalized to photo 
under reverse bias are illustrated in FIGS . 1A and 1B , current versus reverse bias of a representative indium 
respectively , in accordance with an embodiment of the arsenide ( InAs ) avalanche photodiode , the staircase ava 
present invention . Referring to FIGS . 1A and 1B , unlike lanche photodiode of FIG . 3 and Monte Carlo simulation 
conventional APDs , in which impact ionization occurs rela - results in accordance with an embodiment of the present 
tively uniformly throughout the entire multiplication region , 55 invention ; and 
in the staircase structure , avalanche events occur proximate FIG . 6B illustrates the noise power versus photocurrent 
to the sharp bandgap discontinuity . As electrons in the wide comparison of a representative indium arsenide ( InAs ) ava 
bandgap region ( Eg2 ) move into the narrow bandgap region lanche photodiode , the staircase avalanche photodiode of 
( EQ ) , their excess energy enables immediate impact ioniza - FIG . 3 and Monte Carlo simulation results in accordance 
tion . These discontinuities function somewhat like dynodes 60 with an embodiment of the present invention . 
in a photomultiplier in which the gain position is localized . 
As a result , the gain process is more deterministic , with DETAILED DESCRIPTION 
concomitant reduction in gain fluctuations , and , thus , lower 
excess noise . Unfortunately , initial studies of staircase APDs As discussed herein , the principles of the present inven 
used the Al Gal - As material system , which has inadequate 65 tion provide an ultra - low - noise staircase APD . The structure 
band offsets and the projected noise characteristics were of such a staircase APD is based on the AlIn1 - As , Sb 1 - v 
never achieved . That is , current staircase APDs exhibit material system as discussed below in connection with FIG . 
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2 . FIG . 2 illustrates a schematic cross section of the staircase tionally - graded Al In As , Sb - staircase APD 200 in 
avalanche photodiode 200 with a staircase multiplication accordance with an embodiment of the present invention . 
region composed of a graded aluminum indium arsenide Referring to FIG . 3 , APD 200 includes a substrate 201 
antimonide ( AlInAsSb ) alloy grown lattice - matched or composed of GaSb with a buffer layer 202 of GaSb posi 
psuedomorphically strained on either indium arsenide 5 tioned on top of substrate 201 . In one embodiment , buffer 
( InAs ) or gallium antimonide ( GaSb ) in accordance with an layer 202 has a thickness approximately between 10 nano 
embodiment of the present invention . meters and 10 micrometers . Furthermore , as illustrated in 

As discussed further herein , the graded AlInAsSb alloy FIG . 3 , avalanche multiplication region 203 , positioned on 
exhibits a direct bandgap over a wide range of compositions top of buffer layer 202 , is composed of a graded aluminum 
as well as exhibits large conduction band offsets much larger 10 indium arsenide antimonide ( AlInAsSb ) alloy with layers 
than the smallest achievable bandgap and small valance 301 - 304 lattice matched to InAs . For example , layer 301 is 
band offsets . Such a staircase APD using the Al IN - A - composed of AlInAsSb ( A10 . In 3As , 3Sbo . z ) with a thick 
s , Sb - , material system is the first staircase alloy to exhibit n ess approximately between 10 nanometers and 2 microm 
all three of these important characteristics . Furthermore , eters . Layer 302 is composed of AlInAsSb 
such a staircase APD is able to detect extremely weak light 15 ( A10 . Ino . 3A5 , 3Sb0 . 7 ) with a thickness approximately 
with a high signal - to - noise ratio . between 1 nanometer and 100 nanometers . Layer 303 is 

FIG . 2 illustrates a schematic cross section of the com composed of InAsSb ( InAs , Sb . ) with a thickness approxi 
positionally - graded AlIn - As , Sb . , staircase APD 200 in mately between 1 nanometer and 100 nanometers . Layer 
accordance with an embodiment of the present invention . 304 is composed of indium arsenide antimonide ( InAsSb ) 

Referring to FIG . 2 , APD 200 includes a substrate 201 20 ( InAs . . . Sbo . 1 ) with a thickness approximately between 30 
( e . g . , InAs substrate , GaSb substrate ) , a buffer layer 202 nanometers and 1 micrometer . 
( e . g . , InAs , GaSb ) positioned on top of substrate 201 , an While FIG . 3 illustrates four layers 301 - 304 comprising 
avalanche multiplication region 203 ( graded AlInAsSb alloy avalanche multiplication region 203 , the principles of the 
grown lattice - matched or psuedomorphically strained on present invention are not to be limited in scope to utilizing 
either InAs or GaSb ) positioned on top of buffer layer 202 , 25 all four layers 301 - 304 . For example , layers 301 , 302 and / or 
a photoabsorption layer 204 ( e . g . , graded gallium anti - 303 , which are used to modify the device physics , may not 
monide ( GaSb ) ) for absorbing photons , where photoabsorp - be utilized in certain embodiments . 
tion layer 204 is positioned on top of avalanche multiplica - A further description of layers 301 - 304 is provided below . 
tion region 203 , and a contact layer 205 ( e . g . , gallium In one embodiment , layer 301 is utilized for growth on 
antimonide ( GaSb ) ) positioned on top of photoabsorption 30 gallium antimonide because of the band alignment between 
layer 204 . In one embodiment , substrate 201 is n - type , buffer gallium antimonide and the smaller bandgap material , 
layer is n - doped and contact layer 205 is p - doped . In another indium arsenide antimonide ( InAsSb ) . In essence , layer 301 
embodiment , substrate 201 is p - type , buffer layer is p - doped functions as a tunneling blocking layer . In one embodiment , 
and contact layer 205 is n - doped . In one embodiment , the the smaller bandgap layer of InAsSb may additionally 
structure of APD 200 as shown in FIG . 2 may be inverted 35 contain small fractions of aluminum and / or gallium thereby 
( i . e . , substrate 201 is the top layer and contact layer 205 is making it AlGaInAsSb if both aluminum and gallium were 
the bottom layer of APD ) , such as utilized in focal plane added . In one embodiment , layer 301 performs optimally 
arrays . In one embodiment , each of the layers of APD 200 with a thickness of less than 200 nanometers . In one 
is grown by molecular beam epitaxy . In one embodiment , embodiment , layer 302 corresponds to a graded bandgap 
graded avalanche multiplication region 203 includes mul - 40 layer that prevents holes from accumulating in the narrow 
tiple steps in which a bandgap is varied from small to large bandgap region . In one embodiment , layer 303 provides 
and vice - versa . extra space for the electrons to impact ionize . In one 

While FIG . 2 illustrates APD 200 as including both embodiment , layer 304 utilizes a graded bandgap material 
substrate 201 and buffer layer 202 , the principles of the that grades from a narrow bandgap region to a wide bandgap 
present invention include variations not depicted in FIG . 2 , 45 region . Layer 304 allows electrons to drift or diffuse to the 
such as having substrate 201 and / or buffer layer 202 next step in avalanche multiplication region 203 and at the 
removed in the final device . Substrate 201 and buffer layer next step the electrons impact ionize . 
202 may only be required during the layer growth to provide As further illustrated in FIG . 3 , photoabsorption region 
a crystalline template . 204 ( e . g . , gallium antimonide ( GaSb ) ) is positioned on top 

Furthermore , while the preceding discusses avalanche 50 of avalanche multiplication region 203 , where photoabsorp 
multiplication region 203 as corresponding to a graded tion region 204 has a thickness approximately between 30 
AlInAsSb alloy grown lattice - matched or psuedomorphic nanometers and 50 micrometers , with an optimal thickness 
ally strained on either InAs or GaSb , the principles of the approximately three absorption depths . Furthermore , as 
present invention are to include other variations , such as illustrated in FIG . 3 , contact layer 205 ( e . g . , gallium anti 
additional materials that could be added to aluminum indium 55 monide ( GaSb ) ) is positioned on top of photoabsorption 
arsenide antimonide , such as gallium antimonide ( GaSb ) , region 204 with a thickness approximately 100 nanometers . 
thereby producing aluminum gallium indium arsenide anti - A further description regarding APD 200 ( FIGS . 2 and 3 ) 
monide ( AlGaInAsSb ) . A person of ordinary skill in the art is provided below . 
would be capable of applying the principles of the present Electrons crossing the Alozino . 3A80 . 3Sbo . / InAs , 9Sbo . 1 
invention to such implementations . Further , embodiments 60 ( 302 / 304 ) heterointerface gain ~ 2E , of kinetic energy , 
applying the principles of the present invention to such greater than the ~ 1 . 5E , necessary for a high probability of 
implementations would fall within the scope of the present impact ionization . Another benefit of the AlInAsSb system 
invention . is that its k value , the ratio of the electron and hole ionization 

A more detailed illustration of the layers of APD 200 coefficients , is close to zero , which suppresses excess noise . 
according to one embodiment is provided below in connec - 65 To demonstrate the AllnAsSb staircase APD 200 , a one 
tion with FIG . 3 . FIG . 3 illustrates a more detailed illustra - stage staircase structure 200 was grown on nt GaSb sub 
tion of the layers of a single - step instance of the composi - strate 201 and capped with a p + GaSb 205 . Monte Carlo was 
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used to simulate the band diagram and impact ionization normalized noise power , which is proportional to M , 
distribution . FIG . 4 illustrates the result of the Monte Carlo increases through the bias dependence of the gain . 
simulation of the band diagram and impact ionization dis - FIG . 6B illustrates the noise power versus photocurrent 
tribution for a bias of - 1 volts in accordance with an comparison of a representative InAs APD , the staircase APD 
embodiment of the present invention . 5 of FIG . 3 and Monte Carlo simulation results in accordance 

Referring to FIG . 4 , it is clear that essentially all impact with an embodiment of the present invention . Referring to 
ionizations originate with electrons and occur within the 6 FIG . 6B , FIG . 6B compares the noise power spectral density 
nm - thick narrow bandgap InAso Sbo region 304 . Hole versus photocurrent for the staircase APD to the InAs APD . 
initiated ionization is negligible , a condition for low excess Hence , as discussed herein , the staircase APD of the 
noise . 100 um diameter devices were fabricated and tested 10 present invention can be used to create extremely low - noise , 
with a 1 . 5 um continuous wave ( CW ) laser source . high - gain avalanche photodiodes operating at wavelengths 

FIG . 5 illustrates the photo current - voltage and respon - ranging from the visible to the far - infrared by varying the 
sivity - voltage characteristics of a 100 um diameter mesa bandgap of a separate absorption region . With an appropriate 
staircase APD 200 in accordance with an embodiment of the design , the staircase APD of the present invention operating 
present invention . Referring to FIGS . 2 - 3 and 5 , the hetero - 15 at room temperature may provide high - speed , linear - mode , 
junction at the GaSb / AlInAsSb ( 204 / 301 ) interface limited single - photon counting at the fiber - optic telecommunica 
injection into the multiplication region 203 and dominated tions wavelengths of 1 . 3 and 1 . 55 um . Furthermore , the 
the photocurrent at low bias . This was confirmed by mea - staircase APD of the present invention may also be used to 
suring the current - voltage characteristics of a control GaSb / improve the range of traditional fiber - optic telecommunica 
AlInAsSb / GaSb heterojunction APD and the estimated bar - 20 tions . Additionally , the staircase APD of the present inven 
rier height was ~ 0 . 15 eV . Owing to the influence of this tion may also benefit applications requiring sensitive detec 
barrier effect , the internal gain of the staircase APD 200 tors at other wavelengths , such as fluorescence spectroscopy , 
could not be determined directly from the photocurrent . laser ranging , remote - gas sensing and thermal imaging . 
However , it was possible to estimate conservative lower The descriptions of the various embodiments of the 
limits of the gain from the measured and calculated respon - 25 present invention have been presented for purposes of 
sivity . The calculated responsivity was determined using illustration , but are not intended to be exhaustive or limited 
known values for the absorption coefficient , electron diffu - to the embodiments disclosed . Many modifications and 
sion length , and surface reflectivity of GaSb . Comparing this variations will be apparent to those of ordinary skill in the 
value to the measured responsivity yields the nominal gain . art without departing from the scope and spirit of the 
If the responsivity is less than the theoretical maximum , 30 described embodiments . The terminology used herein was 
which is typical , then the actual gain is slightly higher than chosen to best explain the principles of the embodiments , the 
the estimated value . practical application or technical improvement over tech 

There are three mechanisms that determine the photocur - nologies found in the marketplace , or to enable others of 
rent in these APDs : staircase gain , bias dependent respon ordinary skill in the art to understand the embodiments 
sivity caused by the GaSb / AlInAsSb ( 204 / 301 ) barrier , and 35 disclosed herein . 
conventional impact ionization in the graded photoabsorp The invention claimed is : 
tion layer 204 at high bias . From O V to - 0 . 6 V , the applied 1 . A photodiode , comprising : 
electric field “ flattens ” the ramp in the conduction band to an avalanche multiplication region , wherein a combina 
form the staircase shown in FIG . 1B . This releases carriers tion of all layers of said avalanche multiplication region 
that are trapped in the triangular shaped conduction band 40 comprise a graded aluminum indium arsenide anti 
well . This explains the initial increase in photocurrent . monide ( AlInAsSb ) alloy grown lattice - matched or 

In the bias range from - 0 . 6 V to - 3 . 4 V , the applied field psuedomorphically strained on either indium arsenide 
lowers the barrier at the GaSb / AlInAsSb ( 204 / 301 ) hetero ( InAs ) or gallium antimonide ( GaSb ) , wherein said 
junction , which results in an increase in photocurrent and graded avalanche multiplication region comprises mul 
more injection into multiplication region 203 . FIG . 6A 45 tiple bandgap steps in which a bandgap is varied from 
illustrates the noise power normalized to photocurrent ver small to large and vice - versa ; and 
sus reverse bias of a representative InAs APD , the staircase a photoabsorption layer for absorbing photons . 
APD of FIG . 3 and Monte Carlo simulation results in 2 . The photodiode as recited in claim 1 further compris 
accordance with an embodiment of the present invention . ing : 
Referring to FIG . 6A , FIG . 6A shows the measured and 50 an InAs or GaSb substrate or an InAs or GaSb buffer . 
simulated noise power spectral density normalized to the 3 . The photodiode as recited in claim 2 , where said 
photocurrent versus bias voltage . For bias < - 3 . 4 V , the avalanche multiplication region is adjacent to said InAs or 
normalized noise power is relatively independent of the bias GaSb substrate or said InAs or GaSb buffer , wherein said 
voltage , which means that the gain is constant , and , thus , so photoabsorption layer is adjacent to said avalanche multi 
is the excess noise factor . The gain , as determined from the 55 plication region . 
responsivity , is ~ 2 , as expected for a single staircase since 4 . The photodiode as recited in claim 1 , wherein said 
each electron ionizes once as it crosses the bandgap step . It avalanche multiplication region is directly grown on top of 
is noted that a higher staircase gain can be achieved , without a substrate or a buffer layer , wherein said photoabsorption 
an increase in noise , by increasing the number of steps . For layer is directly grown on top of said avalanche multiplica 
higher bias , normalized noise increases as impact ionization 60 tion region . 
begins to occur . The measured excess noise factor , F ( M ) , 5 . The photodiode as recited in claim 1 further compris 
still only increases to 1 . 1 at - 3 . 4 V . This low noise , which ing : 
is comparable to that of a photomultiplier tube , is due to the a substrate ; and 
staircase structure and low - noise material . Also shown in a buffer layer adjacent to said substrate . 
FIG . 6A is the normalized noise power of an InAs APD with 65 6 . The photodiode as recited in claim 5 , wherein said 
a 1 . 5 um - thick multiplication region 203 . While these APDs avalanche multiplication region is positioned on top of said 
have been shown to exhibit very low excess noise , the photoabsorption layer , wherein said buffer layer is posi 



US 9 , 748 , 430 B2 

tioned on top of said avalanche multiplication region , 14 . The photodiode as recited in claim 12 , wherein said 
wherein said substrate is positioned on top of said buffer avalanche multiplication region comprises a second layer of 
layer . InAsSb , a third layer of aluminum indium arsenide anti 7 . The photodiode as recited in claim 5 , wherein said monide ( AlInAsSb ) and a fourth layer of AlInAsSb . buffer layer is positioned on top of said substrate , wherein 5 5 15 . The photodiode as recited in claim 14 , wherein said said avalanche multiplication region is positioned on top of 
said buffer layer , wherein said photoabsorption is positioned fourth layer is positioned on top of said third layer which is 
on top of said avalanche multiplication region . positioned on top said second layer which is positioned on 

8 . The photodiode as recited in claim 5 , wherein a top of said first layer . 
thickness of said buffer layer is approximately between 10 16 . The photodiode as recited in claim 14 , wherein a 
nanometers and 10 micrometers . 10 thickness of said fourth layer is approximately between 10 

9 . The photodiode as recited in claim 1 further compris nanometers and 2 micrometers . 
ing : 17 . The photodiode as recited in claim 14 , wherein a 

a contact layer adjacent to said photoabsorption layer . thickness of said third layer is approximately between 1 
10 . The photodiode as recited in claim 9 , wherein said 5 nanometer and 100 nanometers . contact layer comprises gallium antimonide . 18 . The photodiode as recited in claim 14 , wherein a 11 . The photodiode as recited in claim 10 , wherein a thickness of said second layer is approximately between 1 thickness of said contact layer is approximately 100 nano nanometer and 100 nanometers . 

meters . 19 . The photodiode as recited in claim 1 , wherein said 12 . The photodiode as recited in claim 1 , wherein said 
avalanche multiplication region comprises a first layer of 20 # 20 photoabsorption layer comprises gallium antimonide . 
indium arsenide antimonide ( InAsSb ) . 20 . The photodiode as recited in claim 19 , wherein a 

13 . The photodiode as recited in claim 12 , wherein said thickness of said photoabsorption layer is approximately 
between 30 nanometers and 50 micrometers . first layer has a thickness approximately between 30 nano 

meters and 1 micrometer . * * * * * 


