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ABSTRACT: A study of leakage currents using GaAs mesa p-i-n diodes for X-ray photon counting
is presented. Different wet chemical etching solution and etch depth were used in the fabrication
of these mesa diodes. Low and uniform leakage currents were achieved when the diode fabrication
used (i) a combination of main etching solution and finishing etching solution for the etching, and
(i) partially etched mesas. The diodes fabricated using these methods showed well-defined X-ray
peaks when illuminated with an >Fe radioisotope source.
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1 Introduction

Direct detection using semiconductor devices to convert X-ray photons into electrical charge can be
adopted to achieve high spectral resolution. When compared with elemental semiconductors such
as Si and Ge, compound semiconductors can be grown with a wide range of physical properties
allowing customisation for different applications. Among the III-V compound semiconductors,
GaAs has been the most intensively investigated for X-ray detection [1-6]. Its moderately large
band gap (1.42¢eV) and electron-hole pair creation energy (4.184 +0.025¢eV [7]) enables room
temperature operation, with a potential Fano-limited energy resolution of 129 eV (full-width-half-
maximum, FWHM) at 5.9 keV, as calculated using values of pair creation energy and Fano factor
from [7]. In addition GaAs has high absorption coefficients, which offers high detection efficiency,
due to its high atomic number (Ga = 31 and As = 33) and crystal density (5.3176 g/cm?).

Recently X-ray detectors using avalanche photodiodes (APDs) were found to improve, under
certain conditions, the signal-to-noise ratio, particularly at low X-ray energies, experimentally [8]
and theoretically [9]. The improvement originates from the APD’s avalanche gain, which is the
end result of numerous impact ionization events that have taken place in the APD under appropri-
ate conditions. There is however noise from the APD, which can fortunately be minimized if the
Separate Absorption and Multiplication APD (SAM-APD) design, as used in optical communica-
tion APDs, is adopted [9].

A GaAs-based SAM-APD for X-ray photons will have a GaAs absorption layer and a wide
bandgap avalanche layer. Using a wide bandgap material in the avalanche region will enable the
use of very thin avalanche layers, which will have better X-ray energy resolution compared to thick
avalanche layers, since mixed injection in the avalanche region is minimized [9], while maintaining
acceptably low dark current. Several wide bandgap semiconductor alloys with well-characterized
impact ionization properties, such as AlGaAs [10, 11], InGaP [12] and AlInP [13], can be grown
lattice matched to GaAs.

There have also been efforts in developing the material GaAsBiN, which can also be lattice
matched to GaAs [14]. This offers further optimization options since GaAsBiN may offer high
absorption efficiency due to the very high atomic number of 84 in Bi.



Despite the promises on performance mentioned above, performance of any GaAs based
SAM-APD will be compromised if dark current characteristics of GaAs diodes are not optimized.
Furthermore, in X-ray imaging arrays with a mesa structure for the pixel, part or all of the thick
undoped GaAs absorption layer between pixels must be etched away, leading to a large surface
area that will likely cause significant leakage current. Large variation in the leakage current from
pixel to pixel is also highly undesirable as it leads to poor image quality or requires extensive signal
processing. Hence it is vital to optimize the fabrication procedures to minimize (i) surface leak-
age current of thick GaAs mesa diodes, and (ii) variation in leakage current from diode to diode.
These are the main contribution of this work, whose application lies in portable medical X-ray
detectors [15].

Although GaAs is one of the most studied compound semiconductors, the applications are
predominantly focused on lasers and transistors. GaAs X-ray imaging arrays are unique in re-
quiring deep etching (in several microns rather than nanometres) of GaAs to form dense arrays of
diodes. The etched diodes’ reverse leakage currents are also assessed critically. Possible relevant
references are thus quickly narrowed down to those for photodiodes, of which none commercially
important ones are made from GaAs. As a result, the relevant references on etching GaAs X-ray
diodes are those actually for GaAs X-ray diodes, which are discussed here.

The leakage currents of GaAs X-ray diodes with mesa structures have been reported [1-5].
Although [1] mentioned that etch depth greatly influence the magnitude of leakage current of
diodes, very limited information on the wet chemical etchants (type and solution ratio) or dry etch-
ing gases (gases’ flow rates and sample’s temperature) used in etching their GaAs diodes was given
in [1-5]. There is no evidence in [1-5] that their GaAs diodes exhibited bulk-only leakage currents.

The very thick (> 100 um) epitaxially grown GaAs p-i-n diodes of [1] and [2] were produced
using wet chemical partial etching without passivation for the mesa. They exhibited dark current
density of between 300 nA/cm? to 500 A/cm?. Slightly lower dark current density at 100 nA/cm?
was achieved in [4]. Later, Kostamo et al. fabricated a GaAs p-i-n diode array using dry etching and
passivated the etched diodes with dielectric materials, which yielded dark current density between
40 and 400 mA/cm? [3]. These values are much higher than the dark current density of 5.6 nA/cm?
reported by Erd et al. [5], whose array consisted of 32 x 32 GaAs p-i-n diodes with partially-etched
mesa (p layer removed between pixels) and guard rings.

However since then very limited progress in reducing and managing dark current in GaAs has
been reported. Hence in this work we report the effects of wet chemical etchants and etch depths
on the dark currents of GaAs diodes. X-ray characterisation data using >°Fe is also presented.

2 Experimental Details

The GaAs homojunction p-i-n wafer was grown at the EPSRC National Centre for III-V Technolo-
gies at the University of Sheffield. The structure, as summarized in table 1, was grown on a 3-inch
GaAs n* substrate (350 um thick) by metal organic chemical vapor deposition. The p- and n-type
dopants used were carbon and silicon.

A series of five samples, namely samples A, B, C, D, and E, was fabricated from the wafer.
First, Ti/Au (20/200nm) were deposited onto the samples, which were then annealed in a rapid
thermal annealer at 420° C for 60 s to form ohmic p- and n-contacts. Chemical etching was then



Table 1. Structure details of the GaAs p-i-n wafer.

Material Thickness (nm) Type  Doping density (cm™3)
GaAs 10 pt (©) 1x10"
GaAs 500 pt (©) 2% 10'8
GaAs 7000 i undoped
GaAs 1000 n™ (Si) 2x 108
GaAs substrate — nt —

Table 2. Summary of the five samples.

Sample | Chemical etchants | Etch depth (nm) Remark
A H;PO4:H,0,:H,0 8300 Fully etched
B 8300 Fully etched

H3;PO4:H,0,:H,0
C I anzd 2 1000
D 2000 Partially etched

H,S04:H,0,:H,0
E 2904:H207:Hp 2500

8300 nm 2000,
1 GaAs 2500 s 1 GaAs
n" GaAs Substrate n” GaAs Substrate
(a) (b

Figure 1. GaAs p-i-n diodes with (a) fully, or (b) partially etched circular mesas.

used to create circular mesas with diameters, d, of 400, 200, 100 and 50 um. The five samples
differ in the chemical etchant used and/or the etch depth (as measured from the top of the wafer),
as summarized in table 2. No surface passivation was used in the samples, in order to avoid possible
variation in leakage currents due to the passivation material/process used, which will unnecessarily
complicate analyses of leakage currents. Surface passivation optimization for thick mesa is beyond
the scope of this work.

While the mesas in all samples were created using a solution of phosphoric acid: hydrogen
peroxide: deionized water (H3PO4:H,O,:H,O=1:1:1) to achieve the intended etch depths, sam-
ples B to E had an additional finishing etch using a solution of sulphuric acid: hydrogen peroxide:
deionized water (H;SO4:H>0,:H,O=1:8:80) for 10s. Samples A and B have fully etched mesas
whereas samples C, D, and E have partially etched mesas of 1000 nm, 2000 nm and 2500 nm re-
spectively, as depicted in figure 1a and figure 1b, respectively. No substrate removal was carried out.

The sulphuric acid-based finishing etch was included in our study because it was found to
improve reverse leakage currents of mesa diodes made of InAs [16]. Note that relying on sulphuric
acid-based solution for deep etching is generally avoided as it is known to produce anisotropic etch



profiles [17], which affected the circular geometry (to avoid surface leakage current and premature
edge breakdown) in our diodes in preliminary etching trials. The ratios for the phosphoric acid-
based etchant were chosen to achieve a sufficiently high yet controllable etch rate, following etching
trials with a few other ratios.

On-wafer measurements of Current-Voltage (I-V) and Capacitance-Voltage (C-V) character-
istics were performed to select promising devices to be packaged for subsequent X-ray measure-
ments. An [-V setup with a Keithley 236 source-measure-unit was used to measure leakage currents
ranging from 0.1 pA to 10 mA. The samples were measured at room temperature and in a dark en-
vironment to minimize photocurrent generated by stray light. Most of the I-V data were obtained
from d = 200 and 400 um diodes because these sizes are more relevant to the targeted application.
C-V measurements were carried out using a HP 4275A Multi-Frequency LCR Meter with a sinu-
soidal test signal of 60 mV rms magnitude and 1 MHz frequency. The data allow determination of
the minimum reverse bias required to fully deplete the i-GaAs layer.

For preliminary evaluation of the diodes’ performance when imaging high energy X-ray pho-
tons, packaged GaAs p-i-n diodes were individually tested with a 3Fe source. The diodes were
reverse biased at 10 V using a Thurlby Thandar PL330QMD stabilized power supply. The pream-
plifier used a Si JFET (Vishay Siliconix 2N4416, capacitance ~ 2 pF) for the first transistor. Out-
put from the preamplifier was connected to an Ortec 571 shaping amplifier (shaping time constant
1 us), whose output was fed into an Ortec Easy-MCA-8k multichannel analyzer (MCA). An >Fe
radioisotope source (activity of 1.2 GBq) giving Mn Ko and K3 X-ray lines (at 5.9 and 6.5keV)
was positioned 3 mm from the top side of the diode-under-test. The system was kept at room
temperature.

3 Results

Typical C-V data for d = 400 um diodes are shown in figure 2a, which also includes the depletion
width versus V deduced from the data. We found very similar C-V data for same-sized diodes from
the different samples, when V > 10 V. For example, at reverse bias of 15V, capacitance values
of 400 um diameter diodes were between 1.99 and 2.15 pF, within the tolerance of the measure-
ment setup. This similarity indicates negligible unwanted lateral depletion in the diodes and hence
complete isolation of the diodes.

Observing figure 2a, analyses of the C-V data also revealed that the i-GaAs layer thickness
is ~ 6.7 um, slightly thinner than the intended value of 7.0 um. The deviation was confirmed
by data from Secondary Ion Mass Spectroscopy, as shown in figure 2b, carried out elsewhere on
the wafer. The thinner than intended i-GaAs layer is likely to be due to a combination of slight
uncertainty in growth rate and dopant diffusion from the highly-doped p- or n-layer into the i-layer,
which had taken place during the epitaxial growth. Note that as the instrument background of this
measurement is high for carbon (~ 2 x 10'6 atom/cm?), exact extent of carbon diffusion from the
p-layer into the i-layer could not be accurately determined.

To observe if the finishing etch had any noticeable effect on the leakage current, leakage cur-
rent density of the two samples with fully etched mesas are compared in figure 3a. Data of 35
diodes (23 of d =200 um and 12 of d = 400 um) are shown for each sample. We found that sam-
ple A exhibited moderately uniform but high leakage current density, whereas sample B generally
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Figure 2. (a) Typical C-V data (right axis, circles) and deduced depletion width (right axis, triangles) of a

d =400 um p-i-n diodes. (b) Secondary Ion Mass Spectroscopy data showing the p (carbon) and n (silicon)
doping profiles of the GaAs p-i-n wafer.
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Figure 3. (a) Dark current density versus reverse bias, and (b) distribution of dark current density at
15V for samples A and B, which have fully etched mesas. Sample B had the additional finishing etch of
H,S04:H;0,:H;,0. There were 23 and 12 diodes with diameters of 200 um and 400 um diodes, respectively.

had lower leakage current density (10 to 100 nA/cm?) although some diodes were very poor (1 to
10 mA/cm?). In figure 3b, we compare the distribution of leakage current density at 15 V for sam-
ples A and B. Although sample B had a wider distribution than sample A, ~ 46% of the diodes
tested in sample B had leakage current density < 0.1 A/cm?, with some having current densities
as low as 20nA/cm?. Hence the finishing etch appears to reduce leakage currents in diodes with
fully etched mesas. Note that as the current does not scale with diode area, the measured current
was dominated by surface leakage current component.

Since samples C, D, and E all had a finishing etch for their partially-etched mesas with different
etch depths of 1000 nm, 2000 nm and 2500 nm respectively, they can be studied to observe effects
of etch depth on the leakage current density and its distribution. Figure 4a and figure 4b compare
their leakage current densities, and distributions of leakage current, based on data of 12 diodes
(8 of d =200 um and 4 of d = 400 um) from each sample. Among these three samples, sample D
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exhibited the lowest leakage current densities, with 75% of the diodes tested having dark current
density < 100nA/cm? and a very low mean dark current density of 20 nA/cm? for d = 400 um
diodes. This compares favorably to mean leakage current densities of samples C and E, at 40 and
80 nA/cm?, respectively (for d = 400 um diodes).

For a given sample, comparisons of leakage current density from different sized diodes were
made and the data from sample E are shown as an example in figure 5. As the diode’s diam-
eter and hence junction area decreased, the leakage current density increased, indicating that
sidewall-related leakage current became increasingly significant compared to the bulk-related
leakage current.

Figure 6 shows an »Fe X-ray spectrum accumulated over 60 s with a 400 ym diameter diode
from sample B. The diode was reverse biased at 10 V (depletion width of ~ 6.7 um), to maintain
a low leakage current of 0.3 pA. The spectral resolution, as given by the FWHM of the combined
5.9keV and 6.5keV peaks is 1.0keV.
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Figure 6. An »Fe X-ray spectrum accumulated with a diode over 60 s. The count rate was 1.2 x 10* counts
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4 Discussions

Our work on diodes with fully etched mesas showed that using only a solution H3PO4:H,0,:H,0
for etching produces high surface leakage currents in the resultant diodes. Adding a finishing etch
using a solution of HySO4:H,0;:H,0 can substantially lower the surface leakage currents although
the uniformity is still not satisfactory. The variation of dark currents of fully etched diodes on
sample B is undesirable for a detector array since it would lead to a large proportion of non-useable
pixels. This variation may be caused by variation in surface states on the sidewalls of the mesas,
which may be reduced if mesa passivation optimized for GaAs X-ray diodes is available.

The partially etched diodes suffer from this problem at a much lower extent, because the mesa
sidewalls are much shorter, resulting in significantly smaller exposed area on the mesa sidewalls.
The mean dark current density of sample D at 20 nA/cm? (for d = 400 um diodes) is much lower
than those from refs. [1-4], but is slightly higher than one of the lowest dark current densities
in the literature, 5.6nA/cm? at 50V at room temperature [5]. The very low dark current den-
sity in [5] might be due to the use of guard rings, which can help to suppress surface leakage
currents. Nevertheless our results demonstrated that, by adopting appropriate chemical etchants
(H3PO4:H,0,:H,O followed by H,SO4:H,0,:H>0) and etch depth, low leakage currents with
good uniformity can be achieved for progress towards detector array.

Although each of our three samples with partially etched diodes show reasonably uniform
dark currents, the mean dark currents from the three samples do differ in magnitude. While this
observation is consistent with previous works [1-3], there has been no discussion on this in the
literature. Hence it is worthwhile analyzing our data for partially etched diodes further. Sample C
had an etch depth of 1000 nm for a wafer designed to have 510 nm of p-type layer. This would have
removed all p-type material between the diodes, thus achieving good level of isolation between the
diodes. However, a variation in the etch depth across the sample and dopant diffusion from the
p-layer into the i-layer may mean having conducting path along some remaining thin p-type mate-



rial between the diodes. This will compromise isolation between the diodes and cause additional
leakage currents. Therefore a more reliable etch depth would be one that is deeper than the p-type
layer thickness by some margins.

For sample E, its higher leakage current density (compared to that of sample D) is probably
due to the advantage of reduced surface damage in partially etch diode being lost as the etch depth
increases to 2500 nm.

In our X-ray measurement, the FWHM of 1.0keV is far from the Fano limited case of 129eV
at 5.9keV at room temperature and the best experimental reports (266eV FWHM at 5.9keV [6]).
The noise beyond the Fano limit reported here is due to a combination of electronic noise (including
parallel white, series white, dielectric, and 1/f noise) from both the preamplifier [18] and detector,
and also possibly charge trapping noise [19]. Full shaping time noise analysis of these noise sources
and the contributions to the achievable energy resolution is planned for future work. If the reported
photodiodes are to be practical options for use in high energy resolution X-ray spectroscopy in the
future, the achievable energy resolution must be improved by reducing these noise contributions.
However, the detectors reported here are part of early development for imaging arrays, where the
energy resolution requirements are more modest.

5 Conclusions

Our work demonstrated that the surface leakage current of diodes with mesa structures can be
reduced by adopting appropriate chemical etchants and partially etched mesa. Our best sample,
which has partially etched mesas showed uniformly low dark currents, with a low mean value of
20 nA/cm?.
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