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We present a quantitative study of the influence of three-dimensional geometry of the isolated

electron–injection detectors on their characteristics. Significant improvements in the device

performance are obtained as a result of scaling the injector diameter with respect to the trapping/

absorbing layer diameters. Devices with about ten times smaller injector area with respect to the

trapping/absorbing layer areas show more than an order of magnitude lower dark current, as well

as an order of magnitude higher optical gain compared with devices of same size injector and

trapping/absorbing layer areas. Devices with 10 lm injector diameter and 30 lm trapping/absorbing

layer diameter show an optical gain of �2000 at bias voltage of �3 V with a cutoff wavelength

of 1700 nm. Analytical expressions are derived for the electron-injection detector optical gain to

qualitatively explain the significance of scaling the injector with respect to the absorber. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905864]

Sensitive short-wavelength infrared (SWIR) detectors

with ultra low noise levels and high signal-to-noise ratios are

highly desirable to allow detection of signal levels down to

few photons.1,2 Such detectors are currently the performance

bottleneck in new scientific fields of research such as quan-

tum information science and quantum key distribution.3

Furthermore, they are largely beneficial to a wide range of

applications including astronomy,4 biophotonics,5 optical

tomography,6 Light Detection and Ranging (LIDAR),7 and

nondestructive material evaluation.8

Mainstream InGaAs PIN detectors have extremely low

dark current. However, the absence of internal amplification

in these detectors places stringent conditions on the read-out

integrated circuit (ROIC) noise levels and below ��20 �C
the imager becomes limited by the ROIC noise.

Thus, to allow ultimate sensitivity, the detector signal

should not only surpass the detector noise, but also the elec-

tronic noise of the ROIC and hence, having a high internal

amplification in addition to a low noise level is highly desira-

ble. Electron-injection detectors are based on a new single

photon detection mechanism and address both above crite-

rion.9–11,19 They operate in linear-mode at low bias voltages

and provide a large internal avalanche-free amplification

with an excess noise factor of near unity.11 Furthermore,

they can be formed into compact imagers9 and are made

with the mature and low-cost InP material system. Our previ-

ous results reported characteristics of un-isolated detectors

with large dark currents (6 lA at �1.5 V bias), which pre-

vented long integration times in the camera.9

Recently, we have isolated individual detector active

regions from each other to address the large device dark cur-

rent.12–16,18 Characteristics of the isolated devices and com-

parisons to the previously reported results are provided in

Refs. 13–16. In this paper, we illustrate the benefit of scaling

of the injector with respect to the trapping/absorbing layer

areas in isolated devices. We then develop an analytical

model based on heterojunction transistors,17,27 to qualita-

tively explain the measured optical gain (Gopt) improvement

in a scaled injector device.

Schematic diagram as well as Scanning Electron

Microscope (SEM) image of the isolated electron-injection

detector with 10 lm injector and 30 lm trapping/absorbing

layer diameters are shown in Figs. 1(a) and 1(b), respec-

tively. Layer structure is composed of 1000 nm of n– doped

In0.53Ga0.47As absorber, 50 nm of pþ doped GaAs0.52Sb0.48

trapping layer, 50 nm of undoped In0.52Al0.48As etch-stop

FIG. 1. (a) Schematic diagram and (b) SEM of type B electron-injection de-

tector with 10 lm injector diameter and 30 lm absorber diameter. d1 and d2
refer to the trapping/absorbing layer and injector diameters, respectively.a)hmohseni@northwestern.edu
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layer, 500 nm of nþ doped InP injector, and 50 nm nþ doped

In0.53Ga0.47As cap layer. Layers are grown by metal organic

chemical vapor deposition on 2-in. InP substrates.18

To study the impact of scaling of the injector with

respect to the trapping/absorbing layer areas, two types of

detector geometries were fabricated: type A detectors have

mesa structures with equal trapping/absorbing layer diameter

(d1) and injector diameter (d2) and type B detectors have a

smaller injector diameter compared with the trapping/

absorbing layer diameter. To fabricate devices, wafers were

patterned to define the contacts. Conventional metal evapora-

tion and a lift-off method were used to define the multi-layer

metal contacts. For type A detector formation, the wafer was

then patterned and wet etched to create the mesas. For type

B detector formation, after the contact metal lift-off step, dry

etching was performed to form the injector pillars using the

metal contacts as hard mask. Wafers were then patterned for

isolating trenches, which were formed with a combination of

wet etching and dry etching. Different sizes of both detector

types were fabricated. For type A detectors, d1¼ d2 varied

between 274 lm, 174 lm, 123 lm, 82 lm, and 33 lm, and

for type B detectors, injector diameter was 10 lm and the

trapping/absorbing layer diameter was 30 lm. Our current

probing method for electrical measurements does not allow

reliable results for contact diameters below 10 lm.

For photo-response measurement, a calibrated continu-

ous wave laser source with a peak emission wavelength at

1550 nm and �10 lm spot size was used to illuminate devi-

ces from the backside. Laser power was calibrated using a

calibrated PIN detector. It must be mentioned that our previ-

ous experimental results show that the generated electron-

hole pair are immediately removed from the active layer

(psec).19 Thus for laser spot sizes smaller than the active

region, the measured quantum efficiency and the optical gain

are independent of the beam size.

Fig. 2(a) shows the measured dark current versus bias

voltage characteristic for type A and type B devices at room

temperature. To obtain statistically correct data, for each de-

tector type, dark current of an average number of 10 devices

was measured per device size. Dark current of type A detec-

tors with mesa sizes �80 lm scales proportional with the de-

vice area and follows the expected sub-linear relation with

bias voltage.16 Dark current of the scaled injector type B

device is an order of magnitude lower than that of a type A

device with a similar mesa size (33 lm mesa).

Detector responsivity was obtained from dark and pho-

tocurrent measurements. External quantum efficiency was

calculated from the uncoated surface reflectivity, the thick-

ness of the absorbing layer, and its absorption coefficient and

estimated as 78%. Fig. 2(b) shows the extracted optical gain,

(GMax), at tens of micro watts of optical power, versus bias

voltage for type A and type B devices at room temperature.

Optical gain increases with bias at small negative bias vol-

tages, and beyond bias voltage of ��1.5 V a stable gain of

�100 for type A devices and �2000 for type B device is

achieved. From Figs. 2(a) and 2(b), one can conclude that

the internal dark current densities (obtained by dividing the

external dark current densities by the optical gain) of all

device structures have similar values with the exception of

the smallest mesa type A device, which may possibly be

dominated by surface effects. The surface effects seem to be

not very significant despite the rather large exposed surfaces

in the type B devices.

Optical gain was measured at room temperature for vari-

ous incident optical power levels in both types of detectors.

The corresponding plot of the measured optical gain versus

the photogenerated current density at �3 V bias voltage is

shown in Fig. 3. Optically generated holes are trapped in the

GaAsSb trapping layer and their accumulation causes an

FIG. 2. (a) Measured electron-injection detector dark current versus bias

voltage characteristic. Data were obtained by averaging over 10 detectors

per device size. (b) Measured optical gain, (GMax), at tens of micro watts of

optical power, versus bias voltage characteristic. Color-coding for part (a)

and (b) is the same.

FIG. 3. Optical gain as a function of the photogenerated current density at

�3 V bias voltage: Markers show the measured data and the solid lines show

our developed analytical model. Good match to data of type B device is

obtained for gE ¼ 4.8. This may be an indication of the defects at the hetero-

junction.31 All measurements in this figure are performed at room temperature.

021116-2 Fathipour et al. Appl. Phys. Lett. 106, 021116 (2015)
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increase in the forward bias voltage ( VBE) of the injector/

trapping layer heterojunction. To derive an analytical expres-

sion for the optical gain, the device is assumed to be operat-

ing in the forward operation regime. Both the

photogenerated current, Igen, Eq. (1) and the resulting ampli-

fied photo current injected from the injector into the

absorber, Iamp�photo, Eq. (2) are driven by the forward bias

voltage27

Igen ¼ IS c�1
� �

e
qVBE
gFKT � 1

h i
þ ISS

IS

� �
e

qVBE
gFKT � 1

h i"

þ ISE

IS
e

qVBE
gE KT � 1

h i�
;

(1)

Iamp�photo ¼ IS e
qVBE
gFKT � 1

h i
; (2)

where IS ¼ q Dn

Wp AB
niP

2

NpA
is the saturation current injected to

the absorber, ISS is the saturation current for recombination

in the undepleted part of GaAsSb layer, and ISE is the satura-

tion current for recombination in injector/trapping layer

space charge region primarily at low optical power levels.

This current is more significant than ISS and is usually large

in heterojunction devices due to the strong and dominant

recombination in the base emitter space charge

region.20–22,26,27 As we shall see shortly, scaling of the injec-

tor with respect to the trapping layer reduces this recombina-

tion current ideally by the ratio of trapping layer to injector

area ðAB=AEÞ. The factor c�1 ¼ Dp

Dn

Wp

Wn

NpA

NnD

men
�mhn

�

mep
�mhp

�

� �3
2
e

Egp�Egn
KT

represents the ratio of (hole) minority carrier injection to

InP, to (electron) majority carrier injection to GaAsSb. In the

expression for c�1; Dn and Dp are the minority carrier diffu-

sion coefficients in GaAsSb and InP layers, Wp and Wn are

the respective layer thicknesses, and NpA and NnD are the

doping concentrations (acceptor and donor, respectively).

Furthermore, mep
�, mhp

� and men
�; mhn

� are the effective

masses of electron and hole in GaAsSb and InP layers and

Egp and Egn are the relative bandgap energies. In the expres-

sion for IS, niP is the GaAsSb intrinsic carrier concentration

and in Eqs. (1) and (2), gF and gE are the injector and trap-

ping layer current ideality factors. Using published experi-

mental parameters given in Refs. 23–25, we find

c¼ 2.95x1010. Under large optical power levels (tens of

micro watts), optical gain, which is the ratio of Iamp�photo to

Igen has maximum value of “GMax � Iamp�photo

Igen
jMax

� 1
½ c�1ð Þþ ISS=ISð Þ�” and its value can be read from measurement

data of Fig. 2(b) or Fig. 3.

Using GMax in Eqs. (1) and (2), optical gain can be

expressed as

Gopt ¼
Iamp�photo

Igen

¼ GMax e
qVBE
gFKT � 1

h i
e

qVBE
gFKT � 1

h i
þ GMax

JSE

JS

AE

AB
e

qVBE
gE KT � 1

h i ; (3)

where IS ¼ ABJS and ISE ¼ AEJSE. Assuming that the effec-

tive cross section of saturation current IS is related to the

base area AB; we get a good fit to our measurement data.

Using Eq. (3), curves were fitted to measurement data for

type A and type B devices (Fig. 3). The corresponding values

used to obtain the curves are presented in Table I, where the

first three rows show the constants and the last three rows

show the fitting parameters. Although the epitaxial structures

are the same, the slight difference in the value of JS for type

A and type B devices might be the result of possible varia-

tion in the epitaxial growth (e.g., actual doping levels, thick-

nesses, and compositions). Furthermore, it has been assumed

that the recombination current in the depletion region dominates

the surface/defect components in the injector/trap hetero-

junction, i.e., gE ¼ 2. Measurement data together with Eq.

(3) suggest both higher optical gain and lower photogener-

ated current density for the gain drop in the type B devices.

These are possibly the result of a reduced recombination cur-

rent in the injector/trap depletion region of a scaled injector

device. Similar behavior has also been observed in hetero-

junction bipolar phototransistors.26

A common issue with heterojunction phototransistors is

the reduction of gain at low optical powers. The gain in such

devices drops to half of its peak value at photogenerated cur-

rent density values of �100�10�2 Acm�2,27–29 which is sim-

ilar to the measured values in the type A devices. However,

this value is pushed back by at least one order of magnitude

in the type B devices (see Fig. 3). Our model together with

the measurement results suggest that scaling of the emitter

with respect to the base in such devices could possibly

address this issue.

Another interesting observation is that the assumption of

gE ¼ 2 (i.e., the typical ideality factor for generation

recombination (GR)-limited condition) results in a slope of

m � 0.7 for the optical gain drop versus photogenerated cur-

rent density. This is considerably less than the slope of mea-

surement data (m � 1) for the type B device. Note that a

similar slope (i.e., m � 1) is also observed for a device with

comparable structure.30 A better fit to the measurement data

could be obtained using gE ¼ 4.8 in Eq. (3), (dashed line in

Fig. 3). It is possible that defects at the heterojunction31 con-

tribute to such large gE values.

In conclusion, we have systematically studied the effect

of 3D geometry on the isolated electron-injection detector’s

dark current and gain characteristics. Two different detector

geometries were fabricated: type A geometry with same size

injector and trapping/absorbing layer diameters and type B

geometry with a smaller injector than the trapping/absorbing

layer diameters. Dark current of the type B device is an order

of magnitude lower than that of a type A device with a simi-

lar mesa size (33 lm mesa). Furthermore, experimental

TABLE I. Values used in plot of Fig. 3: first 3 rows show the constants and

the last 3 rows show the fitting parameters used to obtain the curves.

Variables Type A Type B

AE=AB 1 1/9

gE 2 2

gF 1 1

GMax 400 3000

JSE=JS 2 2

JS ðA cm�2Þ 2� 10�5 4� 10�5

021116-3 Fathipour et al. Appl. Phys. Lett. 106, 021116 (2015)
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measurement data together with the developed analytical

model confirm that the type B device presents a larger opti-

cal gain and maintains the large optical gain down to a lower

illumination level. This was affiliated with the lower recom-

bination current in the GaAsSb/InP space charge region for

the type B geometry. For example, it was experimentally

shown that �ten times reduction of injector area compared

with the trapping/absorbing layer areas results in more than

ten times improvement in the optical gain, which is main-

tained down to �ten times lower optical power densities.

This improvement may be further enhanced with smaller

AE=AB ratio.
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