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ABSTRACT

A special CdZnTe (CZT) device on THM grown crystal has been developed. The device has different work function metals on opposite electrodes yet operates at room temperature like a conventional back-to-back symmetric MSM detector and not a one directional Schottky diode device.  Aiming at creating a big breakthrough in CZT imaging device technology, the special CZT device presented in this study is capable of increasing the photopeak count by up to 50% compared to conventional CZT imaging device while maintaining good room temperature energy resolution by not significantly trading off detector leakage current.  Pixel pad size and interpixel gap on a 20x20x5 mm3, 8x8 pixel pattern that result in optimum detector efficiency and interpixel resistance are presented.  Sensitivity improvement impact on other device configuration will also be discussed. The design is highly practical, reliable and suitable for mass production.  
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I. INTRODUCTION

Over the last several years, advances in microelectronics along with improvements in crystal growth have allowed CdZnTe (CZT) materials to be increasingly deployed in medical imaging and homeland security applications [1-11].  This is possible due mainly to the fact that CZT can nowadays be easily assembled into multiple-pixel modules.  This room temperature semiconductor detector technology offers cutting edges over the traditional scintillator-based imaging systems.  Among considerable advantages are weight, portability, the compactness and modular designing allowing the reduction of the distance between source and object, the allowance for scatter rejection and multiple isotope imaging (due to good energy resolution at room temperature) as well as the possibility of fine-tuning intrinsic spatial resolution (due to small size of electrons and holes clouds). 
Presently, the most popular thickness of CZT-based pixellated detector used in imaging applications, especially in nuclear medicine is 5mm with pixel size around 2.5 mm nominally.   The detector X-Y generally ranges from 20 mm to 40 mm.  These dimensions exist as a protocol from the history of the development of CZT technology.  As will be seen, this study only concentrates on the current standard 20x20x5 mm3 detector size grown by the Traveling Heater Method (THM).  A well known disadvantage of CZT over the traditional NaI(Tl) based detector in energy spectrum performance is its low-energy tail due mainly to its poor mu-tau-hole nature (to a lesser extent, charge losses in the gaps between each pixellated metal contacts).  The low-energy tail results in poorer photopeak efficiency or photopeak count within the 12-14% energy window around the photopeak of interest such as Tc-99m 140 keV or via the Co-57 122 keV used in the lab in nuclear medicine.  This dilemma can be best illustrated by Figure 1.  In this figure, curve-1 would represent the spectral response of NaI(Tl) detector whereas curve-2 represents the spectral response of CZT detector with equivalent detector thickness (see [12] for instance).   Typically, due to CZT’s low-energy tail, its photopeak
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          Figure 1.  Tc-99m 140 keV spectra obtained with CZT and NaI(Tl). Notice the low-energy tailing of the CZT.
count is only 60-65% that of NaI(tl)’s whereas the energy resolution is lower 5% vs 12% of NaI(Tl)’s.  Certainly, CZT has been chosen over NaI(Tl)’s due to its significantly better energy resolution which is very important in imaging application.  However, CZT’s lower detection efficiency is clearly a drawback feature that needs to be improved if it is to compete with NaT(Tl) in imaging technology.   
Consequently, it is very desirable to improve the photopeak efficiency of the pixellated CZT device by20% or higher without a significant trade-off in energy resolution.  This is exactly the aim of this study.   In the following sections, we will show how we have arrived at a pixellated CZT device that has the capability of increasing the Co-57 122 keV photopeak count by up to 50% compared to existing pixellated detector protocol while maintaining its good energy resolution feature. Such a device, we believe, can certainly make a big breakthrough in the CZT imaging technology with immediate applications in nuclear medicine and homeland security.     
II.  DEVICE DESIGN
II.1.  Metal-Semiconductor-Metal (MSM) Contacts Consideration on THM CZT 
Typically, when Schottky and Ohmic contacts are introduced in the literature, one deals with doped semiconductors which are clearly p or n type. This means that their Fermi energy is noticeably shifted towards valence or conductive band respectively. Then, influence of majority carriers is analyzed ignoring the contribution of minority carriers to the currents. 

In the case of high resistivity CZT material (> 1010 Ohm-cm), we are dealing with semiconductor whose Fermi level is very close to intrinsic level (close to midgap). In such case, it is hard to say whether the material is p or n type. The situation is further complicated if the mobility-lifetime (mu-tau) product of the two carriers are vastly different. Thus, even though the material could be slightly p-type, electrons’ mu-tau is significantly higher than that of holes.  In addition, even if the material is slightly p-type, it is the photoelectrons that are collected in the photo-signal. Therefore, mu-tau maybe is more important than concentration in MSM device with this “slight-type” case. 

In the discussion below we assume that semiconductor’s Fermi level lies exactly (or very near) intrinsic level (midgap). The following notation is adopted: 
EFM – Fermi level of metal, 

EFS – Fermi level of semiconductor, 

( - semiconductor electron affinity, 

(M – metal work function, 

(S – semiconductor work function, 

Ec – conduction band energy, 

Ev – valence band energy,

E0 – vacuum (infinity) energy, 

(n = (M – (, contact potential for electrons, 

(p = ( + (Ec - Ev) – (S, contact potential for holes.  

Two situations will be considered:  metal work function smaller than semiconductor work function ((M < (S) – on the left, and metal work function larger than semiconductor work function ((M > (S) – on the right. 

Flat-band Diagram

Band diagram at the moment when metals and semiconductor are brought together but have not reached thermal equilibrium are shown below (Figure 2).
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Figure 2. Energy levels before metals and semiconductor  are in thermal equilibrium.

Once thermal equilibrium is reached, Fermi levels across the whole MSM structure equalizes (Figure 3).  At this moment, carriers would diffuse across contacts, forming depletion zones. However, we will not discuss it here.
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Figure 3. Band diagram at thermal equilibrium.

Small Bias.

The most interesting situation is when a bias is applied to the MSM electrodes. We adopt the convention that the right-hand-side electrode is at a positive bias (anode) with respect to the left-hand-side electrode (cathode). Remember, that positive bias means Fermi level of metal shifting down on the band diagram. (Band diagram represents electron energies!). Let us consider relatively small bias first (Figure 4).
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Figure 4. Band diagram after a small bias is applied to the electrodes. Electrons flow from left to right, holes – from right to left.

The following important observations on the leakage current can be made from the band diagram:

((M < (S) – on the left

The electron dark current is limited by the cathode barrier. Hole dark current is limited by the reverse biased Schottky anode. Relative height of the two barriers defines the type of the dark current (hole or electron).

((M > (S) – on the right

The electron dark current is limited by the cathode reverse biased Schottky barrier. Hole dark current is limited by the barrier at anode. Relative height of the two barriers defines the type of the dark current (hole or electron).
Now let us consider the collection of carriers produced as a result of a photoevent (Figure 5).
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Figure 5. Collection of photoelectrons and photoholes at small bias. Electrons are shown in blue and holes in red.
((M < (S) – on the left

Electrons get easily collected by the anode without needing to overcome any barrier. Holes, on the other hand, have to overcome a voltage dependent barrier on the cathode, and thus may not be completely collected. Note that this barrier gets smaller as the bias increases.

((M > (S) – on the right

Electrons have to overcome a potential barrier on the anode and thus may not be completely collected. Note that this barrier gets smaller at higher bias. Therefore, typically at higher biases detector’s performance improves. Holes see no barrier and thus get collected freely.

High Bias.

Situation changes when a high bias is applied. In that case the whole thickness of the semiconductor becomes depleted. 
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Figure 6. Band diagram at high bias.

Now, the carriers flow is limited by the following barriers:

((M < (S) – on the left

· Electrons entering semiconductor from the cathode (from the left) have to overcome a voltage independedent contact potential (n, thus cathode behaves as a reverse biased Schottky contact for electrons. 

· Electrons collected by anode see no barrier at all and flow freely. Thus, anode behaves as Ohmic contact for electrons.

· Holes, collected by cathode see no barrier at all and flow freely. Thus, cathode behaves as Ohmic contact for holes.

· Holes, entering from anode see a voltage independent barrier (p, equivalent to a reverse biased Schottky contact.

 ((M > (S) – on the right

· Electrons entering semiconductor from the cathode (from the left) have to overcome a voltage independent barrier (n, thus cathode behaves as a reverse biased Schottky barrier for electrons. 

· Electrons collected by anode see no barrier at all and flow freely. Thus, anode behaves as Ohmic contact for electrons.

· Holes, collected by cathode see no barrier at all and flow freely. Thus, cathode behaves as Ohmic contact for holes.

· Holes, entering from anode see a voltage independent barrier (p, equivalent to a reverse biased Schottky contact.

Remarkably, for both types of electrodes the mechanism of dark current is identical. The electron dark current is limited by the reverse biased Schottky cathode, while the hole dark current is limited by the reverse biased Schottky anode. Therefore, when smaller work function electrodes are used ((M < (S) the dark current should tend to be due to electrons (entering from the cathode). Conversely, for higher work function electrodes ((M > (S) contribution of the holes (entering from anode) to the dark current will be more significant (if not dominant).

Similar argument can be used for photo-generated carriers (Figure 7). For both types of electrodes, the photoelectrons and photoholes see no barriers at all and get freely collected.  If there are no trapping issues (no mu-tau issues), this could be the most advantageous condition for the detector’s performance. Practically, in the case of CZT for instance, mu-tau-hole is more than two orders of magnitude smaller than that of electron. it could consequently be a limiting factor in the charge collection process.
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Figure 7. Collection of photoelectrons and photoholes at high bias. Electrons are shown in blue and holes in red.
II.2.  Dark Current Type for Redlen’s Au-CZT-Au Device – Experimental Determination
We intentionally produced several detectors with a special feature: one of the electrodes is formed with the metal contact extended to the sides thus effectively increasing its surface area. We saw that these detectors have consistently asymmetric IV curves. This makes it possible to identify the type of carriers contributing to the leakage current and make some conclusions on the contact type.
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Figure 8. Leakage current of six detectors with extended cathode. 
The electrodes were produced by depositing gold on a 3x3x5mm3 CZT detector. The area of the side-extended electrode is approximately twice that of the planar one.

When the side-extended electrode is negatively biased with respect to the planar electrode (positive bias voltage on the plot), the leakage current is consistently lower than with the opposite bias polarity (negative bias voltage on the plot). The ratio of the leakage currents at two polarities depends on the detector and varies from 1.6 to 5.0. 

[image: image9.png]ICunrert [A]

S

1Ea-

1E9-

1E10-,
£

Bias Voltage [¥]





Figure 9.  Log plot of leakage current helps seeing the ratio between positive and negative currents. (Curves of the same color correspond to positive and negative currents of the same detector.)

From Figure 7 showing high bias situation, we concluded that the dark current is limited by the electrode that brings the charges from metal to semiconductor. The collecting electrode always acts as Ohmic contact and does not impede the flow of carriers. The leakage current on the six detectors is higher when the side-extended electrode is biased positively, i.e. acts as anode. Therefore, it means that it is mainly the anode that contributes to the dark current. From Figure 7, it follows that it has to be the (M > (S case (right hand side diagram) when the anode contributes more hole current than cathode electron current.

Thus, from the described experiment the following conclusions can be drawn:

1. Leakage current is carried by holes entering from the anode electrode. Since the contact barrier acts as a reversely biased Schottky contact, the dependence on the bias should be small. This is indeed what we are observing.

2. No assumption on the semiconductor type was done. We only assume that it is a highly resistive material with Fermi level close to intrinsic.

II.3. Contacts Design with respect to THM CZT vs Others’ 
 Redlen CZT growth is (111) oriented.  Detectors are generally fabricated from cut wafers with the Cd or A-face and Te or B-face as electrode surfaces (Figure 10).  Although our material could be slightly p-type, the Te-face is more conductive and hence is of more n-type nature as compared to the Cd-face.  We chose to fabricate our Au-CZT-Au device with the Te-face as cathode and the Cd-face as anode.   Consequently the Au-cathode-CZT is more blocking (Au has slightly higher work function than CZT and hence forms blocking contact nature on the more n-type Te-face material) and prevent leakage current via electron injection to the CZT via the cathode electrode.  On the other hand, 
Table 1.  Work function of selected common metals [13]
	Element
	Work function (eV)
	Element
	Work function (eV)
	Element
	Work function (eV)
	Element
	Work function (eV)

	Ag
	4.52-4.74
	Cs
	2.14
	Mg
	3.66
	Si
	4.6-4.85

	Al
	4.06-4.26
	Cu
	4.53-5.1
	Mn
	4.1
	Sr
	2.59

	Au
	5.1-5.47
	Gd
	2.9
	Na
	2.36
	Te
	4.95

	Ba
	2.52-2.7
	Hg
	4.475
	Ni
	5.04-5.35
	Ti
	4.33

	Bi
	4.34
	In
	4.09
	Pd
	5.22-5.6
	V
	4.3

	Cd
	4.08
	K
	2.29
	Pt
	5.12-5.93
	W
	4.32-5.22

	Cr
	4.5
	Li
	2.93
	Sb
	4.55-4.7
	Zn
	3.63-4.9


For lower resistivity (<< 1010 Ohm-cm) CdTe,  (S  =  (  ≈ 4.3 eV.
For high reistivity CZT,  (S  is given by   (S  = ( + (EC – EFS)  ≈  ( + (Eg / 2)  ≈  4.3 + 1.6/2   ≈  5.1 eV
 
 
[image: image10]
Fig. 10.   Redlen fabricated THM CZT device with Te-face as the cathode and Cd-face as the anode.
Au on p-type material (on Cd-face) will naturally lead to ohmic contacts which is very desirable for good electron collection.   Note that if we reverse the Cd- and Te-face’s role, the device would obviously have poor performance since a Au-Cd cathode will be more injecting and Au-Te-anode will be more blocking.  This is exactly what we consistently observed over the years and hence the Te-cathode / Cd-anode configuration has been chosen and has so far been working very well in general.  However, because of the poorer mu-tau-hole nature in our THM CZT, a lower work function metal such as In on the cathode is needed to make it more ohmic .  The injecting electrons enter the detector from the cathode side will naturalize the accumulated holes, making the contact more ohmic and the device behaves even more like an MSM ohmic device rather than having a semi-blocking nature.  Certainly, leakage current will be slightly higher but given the bulk resistivity of our THM material is already very high and our fabrication can also ensure a sufficiently low surface leakage, this small trade off is advantageous since we have more gain in charge collection while the negative effect (due to slightly higher leakage current) is negligible.      

It is very important to mention that surface preparation plays a crucial role in determining the metal-semiconductor contact nature.  Surface contamination, oxidation and dead layer associated with improper lapping/polishing can change the work function of a metal or lowering the barrier height by as much as 0.5 to 1 eV. Consequently, if the surface conditions are not properly prepared, it can switch an ohmic contact to blocking or vice versa quite easily.  All the discussions thus far and the sections that follow assume this surface preparation task is well carried out in a controllable/repeatable way.
Other lower resistivity materials (<< 1010 Ohm-cm):   In clear n-type or p-type materials such as CdTe, the materials generally has lower resistivity, leakage current is a big issue.
If the lower-R material is n-type, a low work function metal such as In on the cathode is bad since the contact will be more ohmic/injecting and hence leakage current will be excessively high. In that case, a high work function material such as Pt is certainly needed.  On the other hand, a more ohmic (lower work function) metal contact on the anode is more desirable and higher work function metal is to be avoided.
Similar argument applied to lower-R p-type materials but now the device has to be operated in the reverse bias mode since the majority carrier is now hole.  A low work function on the anode is necessary to create a blocking contact for hole (to ensure lower leakage) and a high work function metal (ohmic) on the cathode is to ensure a good hole collection (see Takahashi [14] for instance).
In the case of intermediate resistivity material (closer to 1010 ohm-cm) as with Bridgman CZT where mu-tau-hole is still a problem, the material is still n-type, a low work function on the anode is desirable to ensure better electron collection. And, the same lower work function on the cathode will have the similar effect of neutralizing the potential hole build-up. 
II.4.  Pixel Size and Inter-Pixel Gap Consideration

This is a topic of study on its own.  We have previously carried out a dedicated investigation with regard to this aspect and have discussed it in a separate paper [15]. Generally, charge-sharing effects in pixellated CdZnTe radiation detectors have been studied numerically and experimentally in the last 5-10 years and it has been shown that it affects detector sensitivity in a significant way. Depending on the pixel size, inter-pixel spacing and applied high-voltage the percent of charge-shared events can be as high as 30%. In the study mentioned [15], we have developed analytical models that guide the optimization of CZT detector operations and enable efficient use of the correction algorithms [16]. The proposed models correctly predict the amount of charge-sharing events versus photon energy and detector pixel size and are confirmed experimentally for devices with various inter-pixel gaps.

Essentially, the conclusion we drew from that study [15]  is that for 20x20x5 mm3 CZT pixellated device, there is an optimum pixel size between 2 -3 mm which results in the best energy resolution at 122 keV energy while pixel sizes smaller than this are marginally worse.  Within this pixel size, one would like to have the ratio between the metal contact to the inter-pixel gap to be large with the inter-pixel gaps ideally around 100 um or even smaller .  However, there are trade offs in surface resistance and pixel cross talk issues that one has to take into consideration in device optimization design.  Device fabrication needs to be improved as well especially in term of surface passsivation and encapsulation. 
III.   EXPERIMENTS AND DISCUSSIONS OF RESULTS
The focus of this experimental study is to improve the photopeak count of the Co-57 122 keV response on 20x20x5 mm3 CZT detectors with conventional 8x8 pixel, 600 um inter-pixel gap configuration commonly used for SPECT application in nuclear medicine.  The concept, however, can be readily applied to other applications as with pixellated detectors used in homeland security as well.  This experimental effort consisted of several steps, including optimizating the cathode contacts, varying the dimensions of the lithography pattern of the anode contact, careful considerations of the trade-off between the sensitivity and inter-pixel resistance, with comprehensive testing for repeatability and consistency.

On the metallization experiment, we compared the detector performance of Au-CZT-Au versus In-CZT-Au as mentioned in earlier discussions. For the pixel and gap size variation, the inter-pixel gap was changed from 600 µm to 460 µm, maintaining the pitch at 2.46 mm, on a detector with Au on both cathode and anode. Subsequently, keeping the pixellation on the anode untouched, the cathode was polished off, and metalized with In. As the last step, the cathode was protected, and the anode was re-fabricated with 300 µm inter-pixel gap. 

This section will describe in detail, the results of each of these steps.
Table 2: Comparison of Au-Au 600 µm and Au-Au 460 µm configurations.
	Detector #
	Configuration
	Photo-peak counts
	% Change

	2069
	Au-Au 600 µm
	2650
	=

	
	Au-Au 460 µm
	2690
	2

	2641
	Au-Au 600 µm
	1658
	=

	
	Au-Au 460 µm
	2000
	21

	2670
	Au-Au 600 µm
	2913
	=

	
	Au-Au 460 µm
	3113
	7

	2867
	Au-Au 600 µm
	2529
	=

	
	Au-Au 460 µm
	3102
	23


Table 2 shows the change in the photo-peak counts of the center pixels between the Au-Au 600 µm and Au-Au 460 µm configurations. Only the center pixels are considered, to eliminate the edge effect from our analysis. 
An increase in the photo-peak counts ranging from 2-23% is seen when the configuration is changed from the 600 µm to the 460 µm. This indicates that reducing the inter-pixel gap, while maintaining the other aspects of configuration, such as pitch is advantageous to the sensitivity of the detector.

It must be noted that in SPECT application, the sensitivity of the detectors can be spoken of in terms of the photo-peak counts as well as photo-peak efficiency. This report will discuss the sensitivity only in terms of the photo-peak counts due to the limitation of our analysis software.

Table 3: Comparison of Au-Au 460 µm and In-Au 460 µm.
	Detector #
	Configuration
	Photo-peak counts
	% Change

	2069
	Au-Au 460 µm
	2690
	=

	
	In-Au 460 µm
	3230
	20

	2641
	Au-Au 460 µm
	2000
	=

	
	In-Au 460 µm
	2827
	41

	2670
	Au-Au 460 µm
	3113
	=

	
	In-Au 460 µm
	3392
	9

	2867
	Au-Au 460 µm
	3102
	=

	
	In-Au 460 µm
	2644
	-14


In the next stage, the cathode of the 460 µm detectors was changed to In. This was done by maintaining the fabrication by protecting the anode, and suspending the cathode in an electroless In solution. Table 3 shows the results of this change in the configuration.
Table 4: Comparison of In-Au 460 µm and In-Au 300 µm configurations.

	Detector #
	Configuration
	Photo-peak counts
	% Change

	2069
	In-Au 460 µm
	3230
	=

	
	In-Au 300 µm
	3522
	9

	2641
	In-Au 460 µm
	2827
	=

	
	In-Au 300 µm
	3032
	7

	2670
	In-Au 460 µm
	3392
	=

	
	In-Au 300 µm
	3622
	7

	2867
	In-Au 460 µm
	2644
	=

	
	In-Au 300 µm
	3094
	17


Choice of Indium as the cathode contact:

As discussed in earlier sections, Indium cathode exhibits better Ohmicity than the gold contacts on (111) oriented CZT. This is exhibited by the linearity of the current-voltage (I-V) characteristics of the two contacts both without and with irradiation from a Co-57 source. A linear regression analysis was used in fitting the curves. R2 is used to determine the linearity of the curve in that R2=1 represents a perfectly linear curve. The I-V characteristics over the small range of 0-5 V is chosen to minimize artifacts of curve-fitting.
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Figure 11: I-V characteristics of Au cathode without irradiation fitted using a regression analysis.

Figure 11 shows the I-V curves of the Au-Au contact without irradiation, and figure 12 shows the I-V curves of Au-Au contact with irradiation. It can be seen from these that both the leakage and the linearity of the detectors with Au-Au contacts degrade in the presence of a radiative source.

Figure 13 shows the I-V characteristics of In-Au contacts without irradiation, and figure 4 shows the I-V characteristics of the In-Au contact with irradiation.

Clearly, the experimental data thus support the scientific argument leading to the choice of In-cathode-CZT-Au over the Au-CZT-Au configuration mentioned in section II. 
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Figure 12: I-V characteristics of Au cathode with irradiation fitted using a regression analysis.
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Figure 13: I-V characteristics of In cathode without irradiation fitted using a regression analysis. A high degree of linearity is observed in this case.
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Figure 14: I-V characteristics of In cathode with irradiation fitted using a regression analysis. Neither linearity nor leakage is drastically affected by the source.

Choice of 300 µm inter-pixel gap

The experimental data demonstrates that smaller inter-pixel gaps lead to superior sensitivity in terms of photo-peak counts. This leads to the question of why the gaps were not reduced below 300 µm. Attempts were made to go down to gaps of 100 µm. These resulted in superior photo-peak counts compared to the 460 µm gaps.  However, the measured inter-pixel resistance of these detectors was, on average, 2 orders of magnitude smaller than the 460 µm gap. In addition, the resistance profile had a sharp decrease at higher biases indicating the possibility of electrical breakdown. 

Figure 15 shows a comparison of the inter-pixel resistance of edge pixels of the 460 µm, 300 µm and 100 µm configuration detectors. Figure 6 shows a similar comparison of the center pixels of detectors in these configurations. It must be noted that the center pixels typically have the best inter-pixel resistance in the entire detector.

While the 300 µm have marginally lower resistance than the 460 µm, the resistance profile is still sufficiently flat to ensure electrical stability. On the other hand, the 100 µm detectors start of with resistances that are 2 orders of magnitude lower than the 460 µm, and tend to decrease very sharply towards higher biases.

This is an important trade-off in that while the 100 µm detectors show superior sensitivity, they have poor inter-pixel resistance, and the inter-pixel resistance is a very important factor in the energy resolution performance of these detectors.  These considerations make the 300 µm gap an optimum choice.
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Figure 15: Inter-pixel resistance of edge pixels of 460 µm (black curve), 300 µm (blue curve) and 100 µm (red curve).
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Figure 16: Inter-pixel resistance of center pixels of 460 µm (black curve), 300 µm (blue curve) and 100 µm (red curve).

Summary:

Table 5: Summary of research efforts aimed at improving sensitivity of detectors in chronological order, starting from the most recent, going down to earlier experiments.

	Experiment
	Result
	Conclusion

	In-Au 300 µm vs In-Au 460 µm
	In-Au 300 µm has 10% higher photo-peak counts
	In-Au 300 µm is preferable

	In-Au 460 µm vs Au-Au 460 µm
	In-Au 460 µm has 10-40% higher photo-peak counts
	In-Au 460 µm is preferable

	Au-Au 100 µm vs Au-Au 460 µm
	Au-Au 100 µm has about 1-20% higher photo-peak counts, but has poor inter-pixel resistance
	Au-Au 460 µm is preferable

	Au-Au 460 µm vs Au-Au 600 µm
	Au-Au 460 µm has about 10% higher photo-peak counts than Au-Au 600 µm
	Au-Au 460 µm is preferable


Table 5 summarizes all the efforts that have gone into improving the 122 keV photopeak count of the detectors, starting with the most recent, final changes, moving down to earlier attempts.

The findings of this study indicate the following:

· Without changing the Redlen standard 2mm2 pixel, 460 um inter-pixel gap configuration, a hetero-junction detector formed with Indium on the cathode, and gold on the anode results in a 10-40% increase in photo-peak counts.

· Smaller inter-pixel gaps, while maintaining the pitch of the pixels increases the photo-peak counts. However, if the gap is too small, 100 um specifically, it does come with a trade-off of deteriorating inter-pixel resistance which was carefully considered.

· Optimum sensitivity and inter-pixel resistance were obtained with a 300 µm inter-pixel gap. And, when combined with In-cathode, this device can significantly improve the photo-peak counts, with stable inter-pixel resistance. A net photopeak counts gain of 20-50% results in this configuration compared to that of traditional standard Au-Au 460 um gap configuration. 

                (a) [image: image17.png]


                 (b) [image: image18.png]



Fig. 17. Typical Co-57 122 keV pixel response of (a):  In-THM CZT-Au, 300 um gap  (b):  In-Bridgman CZT-In, 600 um gap. 
Table 6: Typical photo-peak counts of various configurations taken from a representative set of data

points. From top to bottom, the percentage change in photo-peak counts with respect to the earlier configuration.

	Detector configuration
	Average photo-peak counts of center pixels
	% change with respect to adjation earlier configuration

	CZT Material
	Inter-pixel gap (µm)
	Cathode/Anode contact
	Bias (Volts)
	
	

	THM
	600
	Au/Au
	400
	2437
	-

	THM
	460
	Au/Au
	400
	2726
	12

	THM
	460
	In/Au
	400
	3023
	11

	THM
	300
	In/Au
	400
	3317
	10

	Bridgman
	600
	In/In
	400
	2566
	-

	     Bridgman
	600
	In/In
	500
	2523
	-


It must be mentioned that the average photopeak count of the conventional In-Bridgman CZT-In device is between     that of the 600 um gap and the 460 um gap THM Au-Au’s (See Table 6).  Fig. 17 shows a comparison between a typical Co-57 122 keV pixel response of the In-BM CZT-In , 600 um gap device with that of the In-THM CZT-Au 300 um device.  Table 6 presents significant data points highlighting the results of various stages of the study. All data were obtained under similar conditions, with a Co-57 source placed 25 mm from the cathode. Detectors were biased at 400 V, with the exception of the Bridgman CZT detector, which was biased at 400 V and 500 V.  From Table 6, it can be seen that:
· Between the configurations of Au-Au 600 µm and Au-Au 460 µm, an average increase in photo-peak counts of 12% is seen.

· Between the configurations of Au-Au with 460 µm gap and In-Au with 460 µm gap, an increase in photo-peak counts of 11% is seen.

·  Between the In-Au 460 µm and the In-Au 300 µm gap, an average increase of 10% in photo-peak counts is observed.

· This effectively sums up as an increase of 20-50% increase in photo-peak counts between the Au-Au 460 µm and the In-Au 300 µm configurations.

· The In-Au 300 µm configuration also exhibits 30% higher photo-peak counts than the conventional In-C Bridgman CZT-In detector with 600 um gap as measured at 400 V.

IV.  CONCLUSIONS AND FUTURE WORKS
In conclusion, indium-cathode –CZT- gold-anode is a preferred configuration for Redlen THM CZT for optimization of detector sensitivity for low/medium flux detection in nuclear medicine.  A number of draws have been made from this study to improve the sensitivity of Redlen’s standard 20×20×5 mm3 pixellated detector.  Changes in both the design (i.e. the pattern of lithography on the anode) and materials (changes in metallization/ cathode contact) are required to achieve significant improvements.

· Reducing the inter-pixel gap from 600 µm to 460 µm results in 10% higher photo-peak counts.

· Changing the cathode contact from Au to In results in 10-40% higher photo-peak counts.

· Decreasing the inter-pixel gap further to 300 µm results in a further 10% gain in photo-peak counts.

As a final note, despite the In-cathode-THMCZT-Au-anode design as described in this study is highly practical, repeatable and reliable thus suitable for mass production, the improvement in photopeak count generally is not as significant for edge pixels as compared to the inner pixels. The ohmic/injecting nature of the cathode is not significant enough to overcome the charge loss due to electric field bending at the edge of the detectors.   Certainly, there is a need for additional mechanisms in an optimized design to ensure more uniform response across the detector. Specifically, some additional design/method is needed to shape the electric field and steer the lost charges, especially those at the edges back to the collecting pixels. These further research works are currently being carried out at Redlen include steering grid design as well as other innovative methods in photolithography fabrication. Encouraging results have already been achieved and will be reported in a future paper. 
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