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Abstract-Amorphous silicon (a-Si) thin-film circuits promise robust, lightweight, flexible displays and digital computation. Here, several methods for reducing standby-power while retaining logic state are investigated for such circuits. Lacking a PMOS load transistor, the conventional approach for retaining state is to dynamically shift values through memory elements. We investigate other methods and demonstrate 36x power savings by introducing a non-shifting, refresh based operating mode. 

I.
INTRODUCTION


Amorphous silicon (a-Si) thin film transistors (TFT) on glass is the dominant technology for the active matrix backplane in flat panel displays [1], and digital radiography [2]. Recently, amorphous silicon thin film transistors have been fabricated on flexible substrates including plastic (Fig. 1) and stainless steel enabling a variety of new applications. Both reflective [3] and emissive [4] flexible displays have been built, and a small volume production facility for flexible a-Si backplanes is being established [5]. The flexible displays are lighter weight, more rugged, portable, and even wearable.  Applications range from a soldier wearing a flexible display on a shirt sleeve receiving real time information to a tourist or hiker carrying an electronic roll out map. Even broader applications would be possible if digital computational electronics could be built in flexible a-Si TFTs.  For instance, a flexible, disposable, electronic band-aid could monitor a patient’s vital signs, perform the necessary digital computation and display the results.

 
There are several challenges with a-Si circuit design including low electron mobility, ranging from 0.1 cm2/Vs to 1 cm2/Vs. This mobility is 1000x less than that for single crystal silicon, making a-Si circuitry necessarily slow. Furthermore, only N-type amorphous silicon transistors are available, requiring dynamic NMOS circuit design techniques not widely practiced since the 1970’s. And perhaps most challenging, the threshold voltage of a-Si TFTs increases significantly with electrical stress [6] posing a long term reliability problem. However, complex a-Si circuitry has been successfully designed on glass substrates for integrated row and column drivers for flat panel displays [7]. 

In this paper, we consider a portable, flexible digital electronic system in a-Si on plastic and determine the best approach to reduce power while saving the state of the digital machine. As a case study, we focus on a shift register as a fundamental building block of digital systems.  

II. A-SI TFT CIRCUITS
The flexible circuitry is realized using a-Si TFTs (Fig. 1). The substrate is thin plastic (heat stabilized PEN), allowing the circuits to be flexible. The gate electrode material is aluminum
Fig. 1.  Cross-section of flexible amorphous silicon thin film transistor (Left) and of amorphous silicon thin film transistor inverter (Right).

and spans the entire transistor on the bottom side.  The gate dielectric is silicon nitride. All processing steps are below 150 °C for compatibility with the plastic substrate.  

Since no PMOS or depletion mode NMOS transistors are available in a-Si technology, the load transistors are diode connected NMOS (Fig. 1). A drawback of this circuit configuration is reduced noise margin (Fig. 2). The eye opening in the curves is the static noise margin (SNM).  

Generally, lower operating voltage has been beneficial to reducing integrated circuit power dissipation.  However, the reduction in SNM of the a-Si inverter limits the lower operating voltage. The SNM of two coupled inverters are depicted in Fig. 2 for typical process parameters.  Operation at three different supply voltages of VDD = 30, 15, and 8 V are shown.  At 30 V and 15 V, the presence of the eye indicates that reliable storage is possible. However at 8 V, the SNM vanishes and bi-stable operation cannot be maintained [8], [9].

The dynamic flip-flop in Fig. 3(a) is the basis for the designs presented in this paper.  The dynamic flip-flop is representative of digital machines in a-Si because it preserves state, has both static and dynamic current, and contains inverter structures common in combinational logic.  The flip-flop is comprised of a master latch  (transistors M1-M4) and a slave latch (transistors M5-M8) and uses two non-overlapping clocks, Φ1, Φ2.  The master latch is clocked with Φ1 followed
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Fig. 2.  Butterfly plot with Vt = 3 V, and VDD = 8 V, 15 V, 30 V. 
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Fig. 3.  Flip-flop standard cell showing four nodal states (a, b, c, d) while loading a logic “1” after a logic “0”.  The dotted arrows indicate static current.

by Φ2.  The last value of D at the end of Φ1 is stored at node N2 at the rising edge of Φ2.  The slave latch is clocked with the same Φ2 followed by Φ1.  The data at N2 is presented at Q at the rising edge of Φ1.  This operation is required to avoid a race-through condition [10].  The SPICE model parameters [11] correspond to the 9 µm (effective gate length) technology at the Flexible Display Center [5].  For the simulation results presented in this paper, a 4-bit shift register is used, containing four flip-flops in series.  The outputs are Q1-Q4.  Additionally, the clock speed is bounded at the low end by the need to shift values through the chain before logic “1” values degrade due to leakage. 


To optimize power reduction while preserving state, two cases are considered and described in the following sections.  First, a word is dynamically stored in a recirculating shift register and the clock voltage is lowered. In the second case, we show both clocks being simultaneously driven to VDD while feedback transistors provide static storage.  This is then augmented with a low duty cycle clock to refresh the stored data. Analysis and simulation results are presented with each circuit, while section V concludes the paper.

III. METHODS FOR PRESERVING STATE

A.  Recirculating Shift Register

The recirculation in the shift register is obtained with a feedback loop that is added to Q4 and feeds back to D.  This enables a word to be dynamically stored.  The simulation in Fig. 4 shows the data word with bit values “0101” shifting through the shift register with varying VDD values of 30, 25, 20 and 15 V and 25 kHz clock, demonstrating correct operation at lower supply voltages.

The average power can be determined from the analysis of the flip-flop comprising Fig. 3.  There will be static current when the input of an inverter is high and the corresponding clock (Φ1 or Φ2) is high.  The dynamic current is active when the parasitic capacitance at a node (i.e. N1, N2, N3, and Q) is charging.  These currents will be evident if the states of the nodes are known. Fig. 3a,b,c,d shows the standard flip-flop and the respective node values as a “1” is clocked into the circuit.  On Φ2 with D = 0, there is one static current path in the flip-flop through node N2 and node N3 is dynamically charged (Fig. 3a).  On the following Φ2, with D = 1, there are two static current paths (nodes N1 and Q) and no nodes dynamically charged (Fig. 3b).  On the following Φ1, there is one static current path (node N3) and node N2 is dynamically charged (Fig. 3c).  Finally, on Φ2, the output Q becomes 1.  There are no static currents paths, and nodes N1 and Q are dynamically charged (Fig. 3d).  A similar result is obtained for loading a ‘0’ after a ‘1’. During recirculation, the flip-flop exhibits one static and one dynamic current on average. Therefore, the average power for an n-bit shift register is 
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where n is the number of bits, IDS is the static current, C is the parasitic capacitance of each node, f is the clock frequency, and Vt is the threshold voltage.  Referring to the master latch in Fig. 3, the parasitic capacitances are calculated by grounding all the gates of M1-M3 and adding all the capacitances at each node, eg. CN1 = Cgs1 + Cgd2 + Cgs4 + Cgd4.  For a 4-bit shift register with VDD = 30 V, Vt = 3 V, and f = 25 kHz, the dynamic power is 138 µW.  With VDD = 15 V, this is reduced to 31 µW.  


The static current can be calculated by equating the currents of the saturated load transistor and that of the pull-down transistor operating in the triode region.  Using the conventional square law transistor IDS equations the output voltage as a function of VDD is
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where Sdrive and Sload are the width to length ratios of the drive and load transistor, respectively. Eq. 2, when substituted back into the IDS equation, yields
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Substituting Eq. 3 into Eq. 1 gives the static power component.  At VDD = 30 V, the static power is 2712 µW, and with VDD = 15 V, this is reduced to 263 µW. The total power as a function of VDD is shown in Fig. 5. The static power is clearly dominant, unlike CMOS, because of the static paths and very low operating frequencies of a-Si circuitry. The recirculating shift register would require a frequency of 160 MHz, well above current operating frequencies, for the dynamic power to equal the static power. 
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Fig. 4.  Shifting a data word “0101” with Vt = 3 V and VDD values of 30 V, 25 V, 20 V, and 15 V and frequency of 25 kHz.

B.  Static Feedback Shift Register with Refresh

An alternate approach to preserve state is to include static feedback in each latch.  Static feedback loops and pass gates are added to the master and the slave latches in Fig. 6.  Transistors M9 and M10 create the feedback loops and pass transistors M11 and M12 break the feed-forward paths.  To enable recirculation, FBb is de-asserted low, turning M11 and M12 off and FB is asserted high, turning the feedback transistors M9 and M10 on.  The circuit in Fig. 6 is now essentially an SRAM storage element. The SNM of the resulting element is the same as that shown in Fig. 2.  


The operation of the shift register holding state, where the clocks are simultaneously driven to VDD (with VDD values of 30, 25, 20, 15, and 10 V), and shifting bits is shown in Fig. 7.  The minimum value of the supply voltage is bounded by the collapse of the SNM below about 8V (Fig. 2).  The hold state is evident at t = 500 µs when the clocks are asserted high and the feedback loops are activated.  The clocks resume at t = 1200 µs and the circuit resumes operation at the point it left off. Nodes Q3 and Q4 show similar operation.  While having one of the clocks at 0 V at any moment in the previous case eliminated the static power component from inverters fed by that clock/supply, here this is not the case.  Both of the clocks are on when statically holding state, meaning that static power is dissipated through nearly twice as many inverters as the previous case.  Hence, the static power is nearly double when compared to the recirculating shift register (Fig. 5).  Even though the dynamic power is eliminated and the static power is mitigated by reducing the supply voltage, this is still not sufficient. At VDD = 30 V, the power is 5118 µW, and at 15 V, power dissipation is reduced to 449 µW.  


Noting that static power can occur only in inverters when the associated clock/power supply is high suggests another approach.  Using the same circuit (Fig. 6), but pulsing both clocks simultaneously to refresh the state allows both clocks to be low most of the time. This operation is depicted in Fig. 8.  Here, high node voltages, i.e., those holding a “1” can be seen to decay due to leakage. Thus the clocks must be asserted often enough to refresh nodes before the voltage reaches 8 V, the point at which the feedback inverter can no longer reliably identify the state of the input node (Fig. 2). The clocks need only be high long enough to refresh the high node values, limiting the duration of the static power dissipation, already shown to be the dominant term.  By implementing a low duty cycle clock pulse, the total power dissipated in this scenario will be orders of magnitude lower.  The dominating static power will only occur during the short time period when the clock is recharging the nodes, thus faster node charging means less static power dissipated.  The large amount of time between clock pulses means the static power will be minimal, as is consistent with what has already been stated.  

The lower bound on the low duty cycle clock frequency is determined by the transistor leakage Ioff.  Ioff is calculated from the equations given in the model parameters of a-Si TFTs [11]. The refresh time is determined by the Ion current drive and the load at each node.  Ion is a function of VDD derived as IDS in Eq. 3.  
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Fig. 5.    The power of a 4-bit recirculating shift register and static feedback flip-flop.  The average power is nearly double in the static feedback case without refresh.
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Fig. 6.  Flip-flop design with pass and feedback transistors added.
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Fig. 7.  Q1 and Q2 are holding a logic 0 and 1from 500 µs to 1200 µs, and then the shift register continues operation.
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Fig. 8.  Just after 3 ms, voltages on the nodes have degraded to about 8 V and are refreshed with the low duty cycle clock.
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Fig. 9.  Power consumption when using a low duty cycle clock to refresh nodes is about 75 µW, about 36x less than the previous case.  As VDD is increased, it takes less time to charge nodes and the store time increases.
The refresh time can be readily shown as
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where C is the parasitic capacitance at a node (calculated earlier), Vf is 90% of the maximum output voltage, and Vmeta is the metastable point, and k = (W/L)µoCox. Fortunately, despite low current drive the a-Si TFTs have a high Ion/Ioff ratio allowing long durations between refresh.  This duration is given by
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where ∆V is the allowable voltage degradation (the difference between high voltage and Vmeta.)  Thus, the average power in this case is significantly reduced.  The average power is readily shown as
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Interestingly, the power consumption is lowest at high VDD  as evident in Fig. 9.  At VDD = 21 V, the power is 150 µW, and at 30 V, the power is reduced to 75 µW.  At high VDD, while the dynamic power of each refresh operation is quadratically higher than at lower voltage, the retention time is maximized since there is greater stored charge and no substantial increase in Ioff (the a-Si TFTs exhibit leakage current that does not depend strongly on drain voltage.)  A long retention time reduces the frequency and hence power consumption associated with the refresh cycles.  This counter intuitive result is again explained by the dominance of static over dynamic power in a-Si TFT circuits. 

IV. DISSCUSSION
The recirculating shift register with reduced VDD is a viable approach for reducing power while preserving state. At VDD = 30 V, the power is 2712 µW, and with VDD = 15 V, the power is reduced to 263 µW, a 10x power savings. However,  there is a delay when reading data because the bits must recirculate to their proper positions. In addition, the power supply voltage needs to be dynamically lowered when the circuit is inactive and the state is preserved, requiring additional circuitry for that control.

An even better approach to reduce power while preserving state is to use the shift register with feedback and a low duty cycle clock. At VDD = 21 V, the power is 150 µW, and at 30 V, the power is reduced to only 75 µW.  The lower average power at the higher voltage is a result of the longer time between refresh pulses. The disadvantage is the additional transistors for feedback.  Using the shift register with feedback at a VDD of 30 V, there is a 36x power savings compared to the recirculating shift register at the same VDD and a 3x power savings relative to the recirculating shift register with a reduced VDD of 15 V. Consequently, the shift register with feedback and a low duty cycle clock is the most promising approach to reduce power in digital a-Si circuits while preserving state. 

V. CONCLUSION

Lacking a P-type transistor, problems for reducing power are reintroduced from the 1970’s.  Also, the low mobility of a-Si TFTs require high rail voltages further increasing static power consumption.  Because these circuits operate at low frequencies, high supply voltages, and have diode connected load transistors, dynamic power is small in comparison to static power.  Thus the design focus is on reducing static power.  Using the static flip-flop with feedback and a refresh based operating mode, the total power of the circuit while in hold state is significantly reduced. At VDD = 30 V, the power has been reduced by 36x compared to retention via conventional recirculating shift registers. 
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